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Abstract
As the Federal On-Scene Coordinator in the coastal zone, the U.S. Coast Guard is charged with preparing for
and responding to oil and hazardous material spills throughout our nation’s waterways to protect human
health and the environment. As the scientific community continues to amass technical knowledge of
unconventional crude oils, the response community must continually assess the environmental risks and
update spill response plans. This research seeks to quantify the recent U.S. Coast Guard Sector Delaware Bay
Consensus Ecological Risk Assessment (CERA) on diluted bitumen (DB) and compare the toxicity of DB to
conventional crude (CC) oils.
At the height of the domestic energy renaissance, 103,000 barrels of DB were transported via railcar each day
to five refineries throughout the Delaware Bay tri-state region. To assess the emerging risks associated with DB
oil spills and develop the most effective response plans, Sector Delaware Bay completed a CERA in 2016. The
CERA qualitatively compared and evaluated response actions and impacts to hypothetical spills in Mantua
Creek, a freshwater tributary of the Delaware River, and in the brackish Delaware River. Following the U.S.
Environmental Protection Agency’s (EPA) three-phase approach to Ecological Risk Assessments, the CERA
is adapted and quantified with two new data sets from Natural Resources Canada (NRCan) and the
University of Quebec National Institute of Scientific Research (INRS). Utilizing Alberta Mixed Sweet Blend
(CC) and Cold Lake Blend (DB) molecular composition and weathering data from NRCan and preliminary
Fathead Minnow (Pimephales promelas) toxicity data from INRS, exposure and stressor-response profiles to
DB are created. The ecological risk of Fathead Minnow exposure to DB spills is characterized and compared to
the risks associated with CC oil spills. Based on the risk characterizations, recommendations are provided on
how CC spill response techniques should be altered for DB spills to reduce the risk to mid-water zone fish.
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ABSTRACT 
 
QUANTIFYING THE U.S. COAST GUARD ECOLOGICAL RISK ASSESSMENT ON 
DILUTED BITUMEN 
 
Eric Nielsen 
 
Heather Dettman, PhD 
 
As the Federal On-Scene Coordinator in the coastal zone, the U.S. Coast Guard is 
charged with preparing for and responding to oil and hazardous material spills throughout our 
nation’s waterways to protect human health and the environment.  As the scientific community 
continues to amass technical knowledge of unconventional crude oils, the response community 
must continually assess the environmental risks and update spill response plans.  This research 
seeks to quantify the recent U.S. Coast Guard Sector Delaware Bay Consensus Ecological Risk 
Assessment (CERA) on diluted bitumen (DB) and compare the toxicity of DB to conventional 
crude (CC) oils.   
At the height of the domestic energy renaissance, 103,000 barrels of DB were transported 
via railcar each day to five refineries throughout the Delaware Bay tri-state region.  To assess the 
emerging risks associated with DB oil spills and develop the most effective response plans, 
Sector Delaware Bay completed a CERA in 2016.  The CERA qualitatively compared and 
evaluated response actions and impacts to hypothetical spills in Mantua Creek, a freshwater 
tributary of the Delaware River, and in the brackish Delaware River.  Following the U.S. 
Environmental Protection Agency’s (EPA) three-phase approach to Ecological Risk 
Assessments, the CERA is adapted and quantified with two new data sets from Natural 
Resources Canada (NRCan) and the University of Quebec National Institute of Scientific 
Research (INRS).  Utilizing Alberta Mixed Sweet Blend (CC) and Cold Lake Blend (DB) 
molecular composition and weathering data from NRCan and preliminary Fathead Minnow 
(Pimephales promelas) toxicity data from INRS, exposure and stressor-response profiles to DB 
are created.  The ecological risk of Fathead Minnow exposure to DB spills is characterized and 
compared to the risks associated with CC oil spills.  Based on the risk characterizations, 
recommendations are provided on how CC spill response techniques should be altered for DB 
spills to reduce the risk to mid-water zone fish. 
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Introduction: 
Following advances in mining and oil refining, the bitumen oil sands of Alberta, Canada 
became technically and economically recoverable in 2003, catapulting Canada to become the 
world’s third largest proven oil reserve behind Venezuela and Saudi Arabia (Alberta Energy 
Regulator, 2017; EIA, 2016; Philibert et. al., 2016).  While bitumen has been commercially 
mined since 1967, the effects of spilled DB on aquatic flora and fauna have only recently been 
studied as increased volumes are transported via rail, pipeline, truck and ship (Barron et. al., 
2018; EIA, 2016; NRC, 2013).  The abundance of bitumen reserves, and the persistently high 
crude oil prices since the 1970’s have been the significant driving force behind bitumen 
production (Gray, 2015).  97 percent of Canada’s 171 billion barrels of proven oil reserves is 
bitumen located in the province of Alberta (Canada NEB, 2016)1.  Figure 1 below shows the 
location of bitumen resources (CAPP, 2018).   Figure 2 below shows Canadian bitumen 
production history and projected production through 2040.  Currently, 2.91 million barrels are 
produced each day, projected to increase to 4.8 million barrels per day (bpd) by 2040 (Canada 
NEB, 2017; Oil Sands Magazine, 2018a).  According to the Congressional Research Service, 
587 million barrels of Canadian DB crude oil were imported to the United States in 2015, 
accounting for 22% of total U.S. crude oil imports (CRS, 2017). 
 
 
Figure 1: Location of Canada’s Bitumen Resources. Source: CAPP, 2018. 
 
 
                                                          
1 Proven reserves are the portion of resources that is recoverable using available technology (Gray, 2015).  Canada 
has 330 billion barrels of oil resources (Canada NEB, 2016). 
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Figure 2: Canada Bitumen Production History and Projected Production. Source: Canada 
NEB, 2017. 
 
How bitumen is mined or recovered is important to note as these processes can change 
the oil’s physical and chemical properties, which affect how the oil interacts with and impacts 
aquatic environments.  Bitumen is considered an unconventional crude oil because of how it is 
recovered and processed.  According to the International Energy Agency, unconventional oils are 
defined as those oils obtained by unconventional production techniques because they cannot be 
recovered through pumping in their natural state from an ordinary production well without being 
heated or diluted (IEA, 2011).  Bitumen is the highly weathered oil extracted from bituminous 
sands, oils sands or tar sands.2  Bitumen deposits are made up of 85 percent fine sand and clay, 
10 percent bitumen and five percent water by weight (Strausz et. al., 2011).  Bitumen is 
recovered via surface mining operations or in situ, primarily via steam assisted gravity drainage 
(SAGD) (Canada NEB, 2016).  During mining operations, bitumen deposits are crushed and then 
sieved with warm water to create an ore slurry.  The slurry is then frothed in a series of air, steam 
and solvent separation cells to remove the bitumen from the sand (Gray, 2015).  During the 
SAGD process, steam is injected into the ground to heat up the bitumen, allowing it to flow to a 
recovery well (Canada NEB, 2016).  Butane or hexane solvents are sometimes also injected with 
the steam to increase recovery rates (Gray, 2015).  Compared to conventional crude production, 
both processes are energy intensive and produce a heavy crude oil that requires significant 
additional refinery processing.  In terms of energy production requirements, 5 barrels are 
produced for every 1 barrel combusted during SAGD operations.  Mining operations result in an 
energy ratio from 9:1 to 14:1 (Gray, 2015).  Notwithstanding this, the economics of mining and 
upgrading operations are less attractive than in situ production (Canada NEB, 2016).  As 
                                                          
2 The terms bituminous sands, oil sands and tar sands are commonly used interchangeably to describe bitumen; 
for clarity, this report will use the terms bitumen and diluted bitumen (DB). 
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depicted in Figure 2 above, in situ production is and will continue to be the predominate 
recovery method. 
Bitumen is heavier and more viscous than conventional crude oil and must be upgraded 
or diluted to transport to refineries.  Upgrading removes undesirable components (e.g. sulfur and 
heavy metals) through chemical separations and/or chemical reactions that change the molecular 
structure of the oil (Gray, 2015).  Upgraded bitumen is referred to as synthetic crude oil (SCO) 
(Canada NEB, 2016; NRCan, 2016).  Because of current infrastructure and market conditions, 
bitumen is more commonly diluted with 30-40% lighter oils (% by volume); these lighter oils are 
called diluent or condensate (Canada NEB, 2016; Oil Sands Magazine, 2018b).  The diluent 
allows bitumen to be transported as a liquid at ambient temperature (CRS, 2014; NAS, 2015; 
NRC, 2013).  Currently, there are seven diluent blends, each with their own density, specific 
gravity and viscosity that change seasonally and with market demand (Crudemonitor.ca, 2018).  
The most commonly used diluent in Alberta is the CRW Condensate Blend, which is 
approximately 3.5% natural gas condensate (C3-C4), 28% pentane – a petroleum solvent (C5), 
53.5% gasoline (C6-C11), 12% diesel (C12-C25), and 3% Bunker fuel oil (C26-C30+) 
(Crudemonitor.ca, 2018; Oil Sands Magazine, 2018b). 
As highlighted in Figure 1 above, there are 3 bitumen reserves that have unique and 
variable chemical compositions (CAPP, 2018; Gray, 2015; Yang, 2011).  Geologically, bitumen 
was formed like any other crude oil – via deposition of organic material in a marine 
environment, and the slow compression and heating over millions of years (Gray, 2015).  During 
the Cretaceous period, the crude oil from the Banff and underlying Exshaw shales migrated 
hundreds of miles to northwest Alberta and deposited into river and estuary sand deposits (Gray, 
2015).  During the slow migration, the crude oil was subjected to microbial activity which 
depleted the light hydrogen-rich material and enriched it with high molar mass material (Crosby 
et. al., 2013; Gray, 2015; Philibert et. al., 2016).  The resulting low concentration of hydrogen (5-
14% wt), paired with high concentrations of carbon (80-85% wt), sulfur (4-7% wt) nitrogen, 
oxygen and heavy metals give bitumen its distinct tar-like nature and affect the partitioning of 
hydrocarbons throughout the water column following a spill (Alsaadi et. al., 2018; CRS, 2014; 
Gray, 2015; NRC, 2013).3  Given these properties and variations in source material and diluent, 
each DB product has unique physical and chemical characteristics and fate when spilled.   
Spill responders and emergency managers are routinely concerned with the fate and 
transport of spilled oil, and the effects on aquatic wildlife.  Because of bitumen’s unique physical 
and chemical properties, distinct spill response considerations must be applied when responding 
to DB spills.  In partnership with NRCan and INRS, this research examines the properties of DB, 
describes how these properties affect weathering and oil partitioning in a freshwater environment 
and compares the toxicity of DB to conventional crude (CC) oil.  Utilizing these data sets and the 
previously published U. S. Coast Guard Consensus Ecological Risk Assessment of DB in the 
Delaware Bay Area, the ecological risk of DB on mid-water zone fish is quantified to better 
inform risk managers and spill response strategies.4  This ERA integrates both EPA and USCG 
                                                          
3 The term weathering refers to the series of physical and chemical changes that oil undergoes once spilled in the 
environment (NAS, 2015). 
4 The CERA defined and evaluated three primary habitat types: Intertidal shoreline/surface water (0-1 meter), mid-
water (0-2 meters), and benthic (bottom, >2 meters).  To remain consistent with CERA terminology, the term mid-
water zone is defined as the part of the water column that is 0-2 meters in depth.  In this ERA, Fathead Minnows 
are used as an indicator species for mid-water zone fish. 
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risk assessment processes to provide a scientific evaluation of the ecological risks associated 
with DB spills and the inherent uncertainties of the assessment (Aurand, 2000; US EPA, 1998). 
 
ERA Defined 
What is a Risk Assessment?  According to the EPA Guidelines for Ecological Risk 
Assessment, an ERA incorporates a flexible process for organizing and analyzing data, 
information, assumptions, and uncertainties to evaluate the likelihood of adverse ecological 
effects.  An ERA is an environmental decision making process that provides risk managers an 
approach for considering available scientific information along with social, legal, political, or 
economic factors when selecting a course of action (US EPA, 1998). 
 In the simplest of terms, risk is the probability that an event will occur multiplied by 
consequences of the event (Fingas, 2014).  As it relates to oil spills, risk is the combination of the 
probability that a spill will occur and the consequences of the spill.  The probability that a spill 
will occur depends on many factors including: source type, cause, location, weather or other 
measure of timing (e.g. ship traffic in a congested sea lane).  Each spill is unique in terms of 
consequences and impacts.  Some factors that affect the impacts of a spill include: oil type, spill 
location, proximity to sensitive resources, environmental conditions (e.g. currents, tides, winds, 
waves and weather), sensitive resources at risk (e.g. habitats, flora and fauna, and socioeconomic 
resources), and impacts from response operations (Fingas, 2014).  In short, spills can result in a 
broad range of environmental and socioeconomic impacts.  While this ERA will not account for 
legal, social and political considerations, risk managers must routinely account for these 
variables in the event of a spill.  The intent of this ERA is to provide a scientifically based risk 
assessment to remove relevant subjectivity associated with DB spills. 
 
Objectives of this Research: 
Given the amount of DB transported throughout Delaware Bay and the CERA results, 
this research seeks to characterize and quantify the ecological risks of Fathead Minnow exposure 
to diluted bitumen spills.  Further, it compares the risks associated with DB and conventional 
crude oil spills and provides recommended spill response techniques for DB spills to reduce the 
risk to mid-water zone fish. 
 
Research Methods: 
The ERA was conducted according to the U.S. Environmental Protection Agency (EPA) 
Guidelines for Ecological Risk Assessment (US EPA, 1998).  As outlined in Figure 4 below, the 
three-phase approach (problem formulation, analysis, and risk characterization) evaluates the 
likelihood that adverse ecological effects occur as a result of toxicant exposure and characterizes 
the risk.  The ERA culminates with a quantitative risk characterization and discussion of the 
assumptions and uncertainties inherent to the ERA.  The ERA was informed by the data 
collected by NRCan, INRS and the qualitative CERA. 
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Figure 4: Ecological Risk Assessment Framework. Source: US EPA, 1998. 
 
Problem Formulation: 
The problem formulation phase defines and scopes the nature of this quantitative ERA.  
Because the objective of this research is to quantify the CERA with NRCan and INRS data, this 
paper utilizes the problem formulation that was completed during the CERA.  An overview and 
CERA summary are provided in the results section. 
 
Analysis: 
Phase 2 analysis characterizes the exposure and the ecological effects of DB on Fathead 
Minnows.  NRCan and INRS have ongoing diluted bitumen studies that examine the molecular 
composition and weathering processes, and the toxicity in Fathead Minnows, respectively.  
Exposure and stressor-response profiles are created utilizing NRCan chemical and weathering 
data as the primary information source.  INRS toxicity data is used as a secondary source 
because the complete data set is not yet published.  Assumptions and uncertainty are also 
addressed, including data gaps and variability, and wildlife response versus laboratory values. 
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Exposure Assessment: 
The ERA identifies contact and co-occurrence exposure pathways for Fathead Minnows, 
describing in terms of intensity, space and time from the source to the ultimate receptor(s).  The 
pathways are assessed by evaluating toxicant sources and distribution within the environment, 
extent and pattern of contact, transport and uptake, and the potential and internal doses.  This 
information is then combined with the effects assessment from the INRS study, which is 
described below.  
 
Stressor Response Assessment: 
The primary assessment endpoint for this ERA is the protection of mid-water zone fish.  
Fathead Minnows (Pimephales promelas) are used as a representative species of the mid-water 
zone fish community.  To link the measures of effects to the assessment endpoint, this ERA 
quantitatively describes the exposure response based on predicted changes to growth, 
malformation and survival.  The general qualitative (high, medium, low) stressor response 
assessment from the USCG ERA is quantified with the no-observed-adverse-effect level 
(NOAEL), lowest-observed-adverse-effect level (LOAEL) and dose response curve (LC50), 
describing in terms of dose intensity and duration, and mortality for a given spill.  Causality is 
described in terms of the frequency of morbidity, morphological and genetic effects observed 
during the controlled laboratory tests.  When the full results of the INRS study are available, a 
timescale for recovery of the exposed population, and the maximum acceptable toxicant 
concentration (MATC) for diluted bitumen in Fathead Minnows can be developed. 
 
Risk Characterization: 
Phase 3 analysis estimates the risk by integrating the exposure and stressor-response 
profiles.  It determines the ecological adversity of Fathead Minnow exposure via line of evidence 
(LOE) and statistical analysis.  Analysis includes uncertainty and variability analysis of stressor-
response and exposure distribution relationships.  Risk is described through the LOE approach 
(using both quantitative and qualitative evidence) to determine the significance of the adverse 
effects and confidence of the risk assessment.  The uncertainties, assumptions and qualifiers 
within the risk assessment are summarized, and recommendations are provided on how spill 
response techniques should be altered for spills of DB to reduce the risk to mid-water zone fish. 
 
Results: 
Phase 1 – Problem Formulation: 
Qualitative Risk Assessment Summary: 
The U.S. Coast Guard Consensus Ecological Risk Assessment Guidebook is an 
adaptation of the U.S. EPA Guidelines for Ecological Risk Assessment (Aurand et. al., 2000; US 
EPA, 1998).  The CERA follows the EPA’s three phase process and includes a fourth phase 
which is documenting and applying results.  The CERA process is designed to help oil spill 
responders and decision makers compare the ecological consequences of specific response 
actions (e.g. natural attenuation, mechanical recovery, dispersants and in-situ burning) following 
a spill. 
The objective of the CERA was to improve Sector Delaware Bay Area Committee’s 
preparedness to respond to Bakken and DB oil spills by identifying effective response actions 
that enable natural resource protection and recovery.  The CERA was designed to enhance 
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preparedness and understanding of the oil properties and behaviors and mitigate potential risks 
by planning for the best way to respond to incidents involving these two types of oils.  Pre-
planning response options in advance of a spill allow regulators and responders make rapid and 
informed decisions that mitigate environmental impact and public safety risks (Walker et. al., 
2016a).  The CERA results were used to update the federally mandated Sector Delaware Bay 
Area Contingency Plan, which identifies resources at risk and outlines pre-planned response 
strategies which are used and adapted in the event of an actual spill. 
The CERA utilized a risk matrix to evaluate the ecological risk to resources of concern 
associated with 10 response options during two hypothetical DB spill scenarios.  The 10 
response options that were evaluated were: 
1. Natural attenuation with monitoring (NAM) 
2. Fire—Let burn and controlled burn (both in-situ) 
3. Fire—Extinguishing agent and methods 
4. No Fire—Vapor suppression 
5. No Fire—Oil spread control (on-land, on-water, and underwater) 
6. No Fire—On-water recovery and underwater recovery 
7. No Fire—Resource protection (on-water and on-land) 
8. No Fire—Shoreline clean-up 
9. No Fire—Oil detection/mapping (physical-contact methods) 
10. No Fire—Oil detection/mapping (remotely-observed methods) 
The two scenarios that were evaluated were: 
Scenario 4: 100,000-gallon DB (Cold Lake Blend) spill from four ruptured Rail Cars on 
Mantua Creek Railroad Bridge.  The hypothetical spill occurred on the morning of May 25, 2015 
at the peak of an incoming tide, impacting the surrounding marsh and river shoreline.  Mantua 
Creek is a freshwater tributary of the Delaware River that is approximately 2 meters deep.  The 
following is a review of notable assumptions relating to scenario analysis.  The National Oceanic 
and Atmospheric Administration’s (NOAA) Automated Data Inquiry for Oil Spills 2 (ADIOS 2) 
model was used to predict the fate and transport of the DB.5  The model predicted that 20% (by 
volume) of the oil would evaporate within the first six hours, and 27% would evaporate after 120 
hours.  The model also predicted zero emulsion, natural dispersion and oil stranding along creek 
banks.  Participants also assumed that some of the DB would sink to the bottom of Mantua Creek 
and the Delaware River during response phase 2.  Further discussion and comparison of model 
results to NRCan weathering data is included in the Phase 3 risk characterization section. 
Scenario 5: 50,000-gallon DB spill from a barge in Marcus Hook Anchorage in Delaware 
River (brackish water).  The hypothetical spill occurred in the afternoon of April 15, 2015 on an 
outgoing tide, impacting the surrounding marsh and shoreline.  The following is a review of 
notable assumptions relating to scenario analysis.  The ADIOS 2 model predicted that 23% (by 
volume) of the oil would evaporate within the first six hours, and 28% would evaporate after 120 
hours.  The CERA noted that as the diluent evaporated, the remaining bitumen would become 
more adhesive because of the increased concentrations of resins and asphaltenes.  The increased 
adhesiveness increases the probability of oil droplets attaching to suspended sediments.   
The Marcus Hook Anchorage area has several important fluvial characteristics that affect 
the fate and transport of spilled oil.  Marcus Hook Anchorage is at River Mile (RM) 79.  The 
median monthly salt line ranges from RM 67 to 76 (DRBC, 2018).  The Delaware estuary 
                                                          
5 Additional information on NOAA’s spill models can be found at: https://response.restoration.noaa.gov/oil-and-
chemical-spills/oil-spills/response-tools/response-tools-oil-spills.html.   
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turbidity maximum (ETM) generally occurs around Marcus Hook Anchorage, meaning it has 
high salinity and sediment load (Delaware Estuary, 2012; Walker et. al., 2016a).  The bottom 
material to the North of Marcus Hook is dominated by sand and silt; to the South, it is dominated 
by mud – a mixture of silt and clay sized grains less than 63 microns in diameter (Delaware 
Estuary, 2012; Sommerfield and Madsen, 2003).  This bottom sediment transition combined with 
the average 1-1.5 m/s river velocity and salt line result in particle aggregation, flocculation and 
rapid deposition in the immediate area (Sommerfield and Madsen, 2003).  Suspended sediment 
concentrations in this area vary with tides and seasonality, on the order of 16-46 ppm (Sharp et. 
al., 2009).  Additionally, it is important to note that Clays have high adsorption capacity because 
of their large surface area-to-volume ratios and can bind chemicals and other organics because of 
their surface ionic charges (Delaware Estuary, 2012).  Given this information, participants 
assumed that 25% of the DB would attach to suspended sediment and submerge after four to 
seven days.  Further discussion and comparison of model results to NRCan weathering data is 
included in the Phase 3 risk characterization section.   
The CERA identified and evaluated two distinct response phases: four to six hours 
after the spill, and four to seven days after the spill.  The phases were defined due to site 
accessibility following a spill and how DB typically weathers.  During response phase 1, there 
are flammability hazards during which the deployment of traditional spill response equipment 
could be pre-empted by firefighting activities.  During response phase 2, the CERA 
considered the weathered oil behavior, during which oil could be recovered from the water 
surface using traditional pollution response techniques. It was assumed that toward the end of 
this timeframe, the residual bitumen would begin to pick up sediment in the water column and 
sink below the water surface. The CERA noted that the time scales associated with response 
actions are not absolute.  Response phases represent a range of hours and days that generally 
align with oil weathering and behavior changes that influence response actions (Walker et. al., 
2016a; Walker et. al., 2016b).  Full matrices, analysis and risk characterizations are available in 
Walker et. al., 2016a.   
The CERA used a risk ranking matrix (Figure 5 below) to assign levels of concern about 
the potential severity and duration of impacts of the spill given each response action.  Matrix use 
was qualitatively dependent on the individual participant’s review of technical literature, 
professional experience and perception with respect to the complexity of the habitats and species 
present, rather than additional data collection or field studies (Walker et. al., 2016a; Walker et. 
al., 2016b).  The CERA defined the levels of ecological severity as: discountable: impacts are 
considered negligible, trivial, or a minor inconvenience; impaired: short-lived modestly adverse 
impacts that alter habitats or life cycles; significant: sustained and substantive adverse impacts 
that potentially lethal or highly damaging to a natural resource(s); and dysfunctional: long term 
damage that prohibits a natural resource from living, reproducing, or providing an ecological 
service(s) (Walker et. al., 2016a; Walker et. al., 2016b). 
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Figure 5: Risk Ranking Matrix. Source: Walker et. al., 2016a. 
 
For brevity, only summary matrices are shown below in Figures 6 and 7.  Within each 
sub-habitat, the ecological risks associated with the response option was evaluated for each 
resource of concern listed below:  
 Mammals (aquatic and non-aquatic dependent) 
 Birds (aquatic and non-aquatic dependent) 
 Reptiles and amphibians (aquatic and non-aquatic dependent) 
 Macro-invertebrates 
 Aquatic vertebrates 
 Threatened and/or Endangered (T/E) species—Animals 
 T/E species—Plants (submerged and floating aquatic vegetation) 
 Fishing (commercial and recreational) 
 Water intakes (surface and mid-water) 
For scenario 4, the ecological risks of all response options to mid-water aquatic 
vertebrates (i.e. fish) were annotated as: 
Phase 1: 4C (ecological severity: impaired; recovery time of less than 1 year); 
Phase 2: 4C (ecological severity: impaired; recovery time of less than 1 year). 
For scenario 5, the ecological risks of response options to mid-water aquatic 
vertebrates were annotated as: 
Phase 1: 3C (ecological severity: impaired; recovery time of 1-4 years) for: oil spread control 
and on-water recovery; and 3B (ecological severity: significant; recovery time of 1-4 years) 
for: NAM, resource protection, shoreline cleanup and oil detection/mapping; 
Phase 2: 3C (ecological severity: impaired; recovery time of 1-4 years) for: oil spread control 
and on-water recovery; and 3B (ecological severity: significant; recovery time of 1-4 years) 
for: NAM. 
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Figure 6: Summary of Risk Characterization for DB (Phase 1: 4-6 Hours After Spill). 
Source: Walker et. al., 2016a. 
 
 
Figure 7: Summary of Risk Characterization for DB (Phase 2: 4-7 Days After Spill). 
Source: Walker et. al., 2016a. 
12 
 
 
ERA Objectives: 
The objectives of this ERA are: 
 Document and compare the potential ecological risks to mid-water zone fish associated 
with conventional crude oil and DB oil spills; 
 Identify the contaminants in crude oils that pose an ecological risk to mid-water zone 
fish; 
 Generate data to be used in risk management and spill response decision-making 
processes. 
  
Assessment Endpoint:  
Assessment endpoints structure the ERA by addressing specific management concerns 
and goals.  The endpoints must be ecologically relevant, susceptible to the potential stressors, 
scientifically defensible and measurable, and relevant to management goals (US EPA, 1998; US 
EPA, 1991).  The objective of an assessment endpoint is to evaluate potentially adverse effects 
on selected ecological receptors as a result of exposure to contaminants of concern (COCs).  In a 
comprehensive ERA, multiple endpoints are chosen across ecosystem components (e.g. primary 
producers, vegetation and habitat, and multiple species throughout the food-chain).  Evaluating 
multiple endpoints across the structure, function and level of organization in the ecosystem 
enables a more comprehensive risk analysis.  Given that the purpose of this thesis is to quantify 
the CERA with NRCan and INRS data and compare the effects of conventional crude oil to DB, 
one assessment endpoint is chosen.   
The assessment endpoint for this ERA is the viability and function (i.e. survival, growth 
and reproduction) of the mid-water zone fish community following an oil spill of conventional 
crude oil or DB.   
 
Measures of Effect:  
Measures of effect provide a quantitative means to evaluate the assessment endpoint.  
Measures provide a basis for developing the study design, evaluating the results, and analyzing 
and characterizing the risks (US EPA, 1998).  Due to the qualitative nature of the existing 
information from the CERA, measures of effect are based off data from literature, NRCan and 
INRS data.  Measures of effect for this ERA include NOAEL, LOAEL and LC50 dose response 
curves from INRS data.  Future iterations of this ERA can include the comparison of exposure 
point COC concentrations to applicable surface water criteria, toxicity modeling and extrapolate 
the results to projected population impacts across the freshwater ecosystem. 
Ultimately, this ERA seeks to answer the following risk question: For a given DB spill, 
what concentrations of COCs cause adverse effects to the viability and function of the mid-water 
zone fish community? 
 
Identification of Ecological Receptor(s) 
Fathead Minnows (Pimephales promelas) are used as a representative species of the mid-
water zone fish community due to their range throughout North American lotic and lentic waters, 
sensitivity to xenobiotics, and extensive amount of species-specific biology and toxicity research 
data.  They are a standard aquatic species used for toxicology testing.  Figure 8 below shows 
Fathead Minnow range throughout North America.  Figure 9 depicts a male and female Fathead 
Minnow.  Because the fish are commonly used as fishing bait, they are found throughout most 
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North American freshwater systems.  They are tolerant of a wide range of physical and 
biochemical water conditions including high turbidity, warm water, low dissolved oxygen and 
even intermittent streams (Page, 2011).  Notably, they are absent from moderate-high grade 
streams (e.g. mountain streams) and deeper impoundments (e.g. the lower Delaware River; US 
EPA, 2002a; Page, 2011).  The fish are foraging omnivores; young fish feed on organic detritus, 
algae and plankton, while adults primarily feed on aquatic insects and sometimes algae. 
Additionally, Fathead Minnows are the most widely used small fish model for regulatory 
ecotoxicology in North America (Ankley and Villeneuve, 2006).  The embryos have distinct and 
easily verifiable developmental stages; the fish have a relatively rapid life cycle and are tolerant 
of human handling and laboratory culturing (Ankley and Villeneuve, 2006).  Fertilized embryos 
hatch within 4-5 days; larvae begin feeding almost immediately, and the fish reaches maturity 
within 4-5 months (Ankley and Villeneuve, 2006).  Further, given additional testing (increased 
number of exposed fish), the Fathead Minnow acute lethality results can represent lethal effects 
on Cyprinids or on all fish (Suter and Barnthouse, 1993). 
 
 
Figure 8: Fathead Minnow North American Range. Source: Sotola and Nielsen, 2012. 
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Figure 9: Male and Female Fathead Minnow. Source: Parrott, 2005. 
 
Conceptual Models: 
 The conceptual models used during the CERA and this ERA depict the connections 
between the resources of concern and their potential to be exposed to hazards (exposure 
pathway).  During the CERA, exposure pathways were assessed for each response action within 
each scenario; aquatic vertebrate pathways that were assessed include: aqueous exposure, 
physical trauma, oiling/smothering, thermal, ingestion and advisory/closure.  As discussed 
above, the severity and duration of impacts for each response option were then assessed via the 
risk ranking matrix.  Detailed exposure pathways and analysis for each scenario and response 
action are available in Appendix G of Walker et. al., 2016a. 
 
Contaminant of Concern (COC) Identification: 
Crude oil is made up of millions of hydrocarbons, organic compounds, metals, and other 
minerals.  The most common and well-studied components that contribute to ecological toxicity 
are aromatic hydrocarbons (i.e. MAH, PAH, PAC), which are the COCs for this ERA.  The 
primary monocyclic aromatic hydrocarbons (MAH) COCs for this ERA are Benzene, Toluene, 
Ethylbenzene, and Xylene (BTEX).  The primary polycyclic aromatic hydrocarbons and 
polycyclic aromatic compounds (PAH/PAC) COCs for this ERA are 34 PAHs, which are 
discussed in further detail below.  It is well documented that MAHs cause acute toxicity in 
aquatic organisms, while PAHs and PACs cause chronic toxicity (Alsaadi et. al., 2017; Hodson, 
2017).  As crude oil weathers, PACs occur in greater concentration.  The increased concentration 
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is a result of the volatilization of BTEX, which are smaller molecular weight (MW) compounds, 
and the creation of additional PACs through chemical, biological and physical processes (e.g. 
oxidation, reduction, pyrolysis, pyro-synthesis and photooxidation (Toxipedia, 2011; Lundstedt 
et. al., 2007).  These aromatic compounds are the toxic components of oil because they are 
hydrophobic and can partition from water to lipid membranes in living organisms (Hodson, 
2017; Rogers et. al., 2002).  PAHs and PACs are volatile and persistent organic compounds that 
are carcinogenic, mutagenic and immuno-suppressants, which interfere with cellular membrane 
function and enzyme systems (Alsaadi et. al., 2017; Hodson, 2017; Lundstedt et. al., 2007). 
According to Alsaadi et. al., 2017, lower MW aliphatics and aromatics (<C10) are the 
primary sources of acute lethality (i.e. lethality within 24 hours) in fish embryos because they are 
the most water soluble and volatile.  Chronic toxicity in fish embryos is most consistently 
associated with exposure to 3-5-ringed PAHs (>C10; Hodson, 2017).  PAHs occur in many forms 
whereby one or more Carbon atoms are replaced by atoms of another element; homologs include 
alkyl, oxy, nitro and heterocyclic compounds.  This larger class of chemicals is known as PACs.  
Current research indicates that because of the higher concentrations of higher MW PAHs in DB 
(i.e. resins and asphaltenes, which are >C10 PACs), DB is more likely to cause chronic toxicity in 
aquatic species (INRS, 2018).   
 Under the Clean Water Act of 1977, the EPA’s Priority Pollutant List regulates 129 
chemicals (US EPA, 2018).  Of the 129, there are 16 PAHs that are routinely monitored during 
environmental contamination studies.  The list of 16 PAHs was developed at a time when PAH 
analytical identification and measurement was limited by technology, and under time pressure 
from ongoing litigation (Keith, 2014).  While the EPA recognizes the list is outdated (US EPA, 
2018), the list is not representative of the thousands of PAHs and PACs that can be found in 
complex mixtures like oil.  Evaluating only the 16 priority PAHs does not give a true toxicity 
potential (Andersson and Achten, 2015).  Fortunately, NOAA and EPA have adapted the list 
with a narcosis model for benthic invertebrates, which includes the 16 priority PAHs, 
benzo[e]pyrene, perylene and 16 groups of prominent C1- to C4-alkyl PAH homologs 
(Andersson and Achten, 2015; US EPA, 2003; Hawthorne et. al., 2006).  This expanded list is 
known as the EPA-34 or NOAA-34, which INRS uses to analyze toxicity results. 
 As depicted in Figure 10 below, the 16 priority PAHs are nonpolar and relatively stable 
molecules, so they tend to adsorb to particles in the water column versus dissolve in water 
(Rogers et. al., 2002).  In general, PAH vapor pressure and aqueous solubility decrease as the 
MW increases – meaning acute toxicity decreases with MW (Alsaadi et. al., 2017; Hodson, 
2017).  Additionally, PAH resistance to oxidation and reduction processes increases with MW 
(Toxipedia, 2011; Rogers et. al., 2002).  However, as oil weathers PAHs become oxygenated, 
nitrogenated, alkylated or heterocyclic compounds by biological, chemical and photo-oxidation 
reactions.  These processes increase molecular polarity, thereby increasing solubility and toxicity 
to aquatic organisms (Lundstedt et. al., 2007; Duran and Cravo-Laureau, 2016).  Further, within 
each PAH family, toxicity increases with the number of alkylated carbons (Hodson, 2017).  
However, as heteroatom content increases, the molecule becomes less planar, decreasing the 
efficacy to which it will partition through the cell (Casarett & Doulls, 2008).  This is discussed 
further in the exposure pathway section below.  In summary, the effects of the PAHs are 
dependent upon the specific compound, ecological receptor and environmental conditions 
(Lundstedt et. al., 2007; Duran and Cravo-Laureau, 2016; Hodson, 2017).     
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Figure 10: Structure of 16 Priority PAHs. Source: Rogers et. al., 2002. 
 
Table 1 below summarizes several important Physical-Chemical Properties for the 16 
PAHs, including the solid-water partition coefficient (Koc) and Octanol-water coefficient (Kow).   
The Kow value is the most important characteristic that affects/predicts absorption to lipid 
membranes – inducing toxicity (Casarett & Doulls, 2008; Lee et. al., 2015).  The greater the Kow 
value, the less polar and less water-soluble the chemical.  However, in complex mixtures like oil, 
PAH compounds exhibit properties that differ from their pure phase properties.  PAHs in liquid 
organic compound mixtures will have different sorptive behavior (Koc value) and solubility (Kow) 
than the solid phase values depicted in Table 1 (Rogers et. al., 2002).  Fortunately, Raoult’s law 
predicts equilibrium PAH solubilities within a factor of 2–4 in complex organic mixtures such as 
diesel fuel, gasoline, coal tar, and creosote (Rogers et. al., 2002).  Further analysis of DB using 
Raoult’s law is recommended for future iterations of this ERA. 
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Table 1: Physical-Chemical Properties of 16 Priority PAHs. Source: Rogers et. al., 2002; 
LaGrega et. al., 1994; World Health Organization, 1998. 
 
 
Exposure Pathways 
Given the ecological receptor and COCs listed above, exposure pathways for an oil spill 
include direct contact and incidental ingestion of contaminated surface water and sediment, and 
aquatic food chain exposures.  Routes of exposure in fin fish include ingestion and passive 
partitioning across the gills and integument (skin).  Passive partitioning across the gills is the 
principal route of uptake (Connell, 1990).  Given INRS’s toxicity test design, this risk 
assessment addresses direct ingestion, adsorption and passive partitioning of DB. 
MAHs, PAHs and PACs have low water solubility but are lipophilic – meaning they can 
combine with or dissolve in lipids and fats, making them bioavailable to living organisms.  Once 
partitioned, the PAC can uptake via the aryl hydrocarbon receptor (AhR) or the antioxidant 
response element (ARE; Casarett & Doulls, 2008).  The AhR is responsible for the expression of 
a diverse set of genes.  It is crucial to cellular proliferation and homeostasis during physiological 
development in all vertebrates; among its many functions, it mediates the toxicity of various 
environmental contaminants.6  When organisms are exposed to some aromatic hydrocarbons, the 
AhR is activated and the AhR-PAC complex enters the cell nucleus, binds to the xenobiotic 
response element (XRE) and activates multiple xenobiotic metabolizing enzyme genes.  This 
includes cytochrome P450, and its many CYP enzymes – 1A1, 1A2, 2C19, etc.  The increased 
synthesis of these enzymes increases the rate at which aromatic hydrocarbons are oxygenated 
(Phase I metabolism) to metabolites that can be conjugated (Phase II metabolism) and excreted 
via active transport across membranes (Phase III metabolism) (Hodson, 2017; Pohjanvirta, 2012; 
                                                          
6 Invertebrates also possess a single AhR gene, but it does not recognize or bind to the typical xenobiotics (e.g 
PAHs) like in vertebrates.  Mammals have one AhR, while fish and birds can have up-to five AhR genes – which also 
affects xenobiotic metabolism and ultimate toxicity (Pohjanvirta, 2012). 
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GeneCards, 2018).  This metabolism process alters the DNA of the gene (Casarett & Doulls, 
2008).   
The ARE, AhR and AhR responsive genes vary in properties among species, which 
affects xenobiotic sensitivity, metabolism and ultimate toxicity (Pohjanvirta, 2012).  For 
example, if a PAH is a substrate for a CYP, it may be metabolized and bioactivated into a more 
active and toxic compound (Scarlett et. al., 2012).  Additionally, the molecular size, shape, 
construct, and the octanol–water partition coefficient (Kow) affect how toxicants are bound to the 
AhR, ultimately affecting organism toxicity (Alsaadi et. al., 2017; Hodson, 2017).   While the 
Kow is largely the most important factor in determining xenobiotic partitioning, molecular shape 
is another important factor.  For example, anthracene (a linear three-ring PAH shown above) is 
less soluble than phenanthrene (its angular equivalent), resulting in the latter being potentially 
more toxic to aquatic organisms (Stogiannidis and Laane, 2015).  Additionally, given that this 
research evaluates alkylated PAHs, it should be noted that as alkylation increases (e.g. C1, C2, 
C3, C4 PAH homolog), the molecule becomes less planar.  This decreases the efficacy of the 
AhR-PAC bond, but increases the time required to metabolize the xenobiotic – potentially 
leading to increased chronic toxicity (Casarett & Doulls, 2008).   
Because PAH/PACs bioaccumulate in fish and invertebrates, there is a potential for upper 
trophic level aquatic receptors to be exposed to additional COCs through ingestion of these 
organisms.  Given that this ERA utilizes Fathead Minnows as a representative species for all 
mid-water zone fish, and that Fathead Minnows are not an upper trophic level aquatic receptor, 
additional risk should be applied when extrapolating the risk assessment results to upper trophic 
level aquatic receptors.  Separately, given the scope and limitations of INRS’s toxicity tests, 
Fathead Minnows can be exposed to additional COCs through ingestion of primary producers, 
invertebrates and other prey during an actual oil spill.  While these uncertainties are addressed in 
the uncertainty analysis section below, they require additional study and consideration in future 
risk assessments. 
 
Phase 2 – Analysis: 
This analysis characterizes the exposure and the ecological effects of DB on Fathead 
Minnows utilizing data from the ongoing NRCan and INRS studies.  This section describes each 
study, the strengths and limitations of each data set, analyzes the data to characterize the nature 
of potential and actual exposure, and the ecological responses under the given laboratory 
circumstances.   
 
NRCan Pilot-scale Spill Tank Tests 
For several years now, NRCan CanmetENERGY’s Devon (CED) Research Center has 
been performing experiments in a pilot-scale spill tank examining the physical and chemical 
behavior of various crude oils in fresh water under varying temperature regimes.  The spill tanks 
at CED allow simulation of fresh oil spill behavior at air temperatures from -10°C to over 20°C 
and water temperatures from 2°C to 26°C.  This open system allows oil weathering and 
biodegradation processes to occur.  Note: sunlight and photooxidation processes are controlled as 
the tanks are indoors.  A mechanical paddle at one end of the tank generates standardized 
breaking waves to simulate a shore environment with no water current.  In a standard test, 10 
Liters (L) fresh oil is spilled into 1,200 L fresh water with 2000 ppm sediment (initial 
concentration) under controlled air and water temperatures.  A pattern of two-day (48 hour) 
wave-on and two-day wave-off is followed through each experiment.  
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 Results of NRCan’s previous two tank tests are considered and analyzed: a 28-day 
Alberta Mixed Sweet Blend (conventional crude) test and a 35-day Cold Lake Blend DB test.  
As depicted in in Figure 11, the spill tank used is made of 316-stainless steel, with a length of 3 
meters (m), width of 1 m, and height of 1.5 m.  For each tank run, approximately 1,200 liters of 
fresh river water was placed in the tank and the height of water was close to 0.7 m.  One end of 
the tank is built at an incline to simulate a shoreline situation.  The tank has a paddle-style wave-
generating flap to create the waves during the run; particularly 105 rpm was set during the 
experiments to generate a wavelength of 60 cm and a wave amplitude of 8 cm with a wave 
period of 0.5 seconds.  Three temperature transmitters (TT-1001, TT-1002, and TT-1003) are 
located at different heights as shown in Figure 11 to provide a temperature profile in the tank.  
TT-1001 was above the water surface and recorded the ambient temperature throughout the run 
period, while TT-1002 and TT-1003 have recorded the water temperature.  
 For both tests, 1,200 liters of North Saskatchewan River water was taken from a water 
facility site in Edmonton, Canada.  At the start of each run (SOR), 2.4 kg of North Saskatchewan 
River sedimentary deposit was added into the water and mixed under waves for 5 min to achieve 
a content of 2,000 ppm.  At time 0, either 10 L of CC or DB was poured onto the surface of the 
water through a pouring device attached to the edge of the tank.  As depicted in Figure 12, the 
pouring device is designed to slowly and evenly spread the oil onto the water surface so that it 
does not disperse down into the water column.  In both tests, the air and water temperature were 
kept around 15-degrees Celsius (°C).  The CC was weathered with  14°C air temperature and 
15°C water temperature.  The DB was weathered with  15°C air temperature and 15°C water 
temperature.     The CC was weathered over a 28-day period in the tank, and water samples were 
taken from the spill tank five times throughout the test (at days 1, 6, 14, 21, & 28).  During the 
DB test, water samples were taken from the spill tank five times during the 35-day experiment 
(at days 1, 6, 14, 28, & 35).  This DB test ran for one additional week because the sample 
collected at day 21 broke during shipment.  All water samples were deposited into glass carboys 
with minimal head space and shipped via overnight express mail to INRS, which performed 
early life stage exposure tests using fathead minnows (Pimephales promelas). 
Water chemistry analyses including conductivity, alkalinity, pH, anion and cation 
concentrations was performed at the beginning and end of each run.  BTEX, PAHs, alkylated 
PAHs and total organic carbon (TOC) content were measured in each sample.  Qualitative 
measurement of organic acid formation in the water with time was also monitored.  At the end of 
the run, the weathered oils were recovered from the water surface, tank sides, artificial shoreline 
and tank bottom.  Oils from each area were categorized and analyzed using high temperature 
simulated distillation (HTSD – ASTM D7169) or distillation process (ASTM D1160) to 
determine the boiling point distribution, water content, and chemical composition and mass 
balance (i.e. where the oil went throughout the water column).  NRCan details the test design, 
processes and procedures in the NRCan spill tank and Analytical Standardized Operating 
Procedures (SOP) to ensure experiment repeatability and validity.  Figures 11 and 12 below 
depict the spill test tank design, and tank and oil applicator, respectively.   
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Figure 11: NRCan Spill Tank Design and Water Sample Location. Source: Xin and 
Dettman, 2018. 
 
 
 
Figure 12: NRCan Spill Tank and Oil Applicator. Source: Xin and Dettman, 2018. 
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The novel part of NRCan’s research is their ability to quantitatively characterize the oil 
throughout the test, and quantitatively determine where the oil goes within the spill tank (i.e. how 
it weathers).  NRCan accomplishes this through a series of physical and analytical tests which 
are normally only available in refineries.  Most laboratories use several variances of gas 
chromatography (GC) to analyze the molecular composition of crude oil.  However, these 
techniques can only measure saturates and aromatic constituents with a boiling point below 524 
degrees Celsius, that is compounds containing up to 40 Carbon atoms (C40) (Dettman et. al., 
2017).  In order to quantitatively characterize the full composition of crude oil, HTSD is used.  
NRCan utilizes HTSD to accurately quantify and analyze all saturates, aromatics, resins and 
asphaltenes (SARA) constituents with boiling points up-to 750 degrees Celsius (C1 to C120).7  
Figure 13 below depicts how NRCan analyzes the oil throughout the weathering tests (NRCan, 
2018). 
 
 
 
                                                          
7 Crude oils are routinely evaluated and classified via SARA analysis; these components are discussed further in the 
Hazard Identification section.   
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Figure 13: Hydrocarbon Analysis Flowchart. Source: NRCan, 2018. 
 
INRS Study 
Following overnight shipment of water samples from NRCan, INRS measured the water 
accommodated fraction (WAF) and created four dilutions (12.5%, 25%, 50% and 100%) from 
each week’s water samples.  INRS also utilized two controls, North Saskatchewan River water 
and reconstituted water.  25 Fathead Minnow fertilized egg embryos were placed in each 
replicate each week.  Replicates were static – meaning contaminant levels were not refreshed 
throughout the seven-day experiment.  At the end of each 7-day exposure, INRS evaluated the 
embryos for mortality, hatching time, weight, heart rate, malformation, and CYP1A1 gene 
expression through ethoxyresorufin-O-deethylase (EROD) activity.8  The results of these studies 
are not yet published, so the limited data available (mortality and malformation rates) was used 
to develop a preliminary stressor response profile.  Once the results of this study are finalized, 
the stressor response profile can be completed. 
Given the INRS study design, it is important to note a few considerations that affect the 
risk assessment outcomes.  Given that embryos/larval fish are the most sensitive life stage, this 
risk assessment produces a conservative risk estimate (Suter and Barnthouse, 1993).  Larvae are 
the most sensitive life stage because they are small organisms with large chemical absorbing 
surfaces per unit volume, eat more per unit mass, have higher respiratory ventilation rates and 
have incompletely developed organs and metabolic capacities when compared to juvenile or 
                                                          
8 EROD is a sensitive indicator of contaminant uptake in fish and is a well-established biomarker of cumulative PAH 
exposure.  EROD activity, however, can also be influenced by other abiotic and biotic factors including water 
temperature, pH, diet, fish size, age and reproductive phase (Whyte and Tillitt, 2000).  
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adult fish (Suter and Barnthouse, 1993).  Further, while chemical concentrations may decline 
over time in static tests, these tests better simulate spill conditions in poorly mixed bodies of 
water (Suter and Barnthouse, 1993).  Static tests also allow for oxidation processes, which are an 
important consideration in measuring the effects of real oil spills.  As discussed later in this 
report, oxidized products can be more toxic than parent compounds (Suter and Barnthouse, 
1993).  Finally, while the data from the 7-day “short-term chronic” tests are used to determine 
the LC50, the exposure duration is longer than the normal 96-hr LC50 test design and is quite long 
when compared to most pulsed exposures in real oil spills.  When assessing risks during an oil 
spill, the time to mortality is usually more important than percent mortality for a given 
concentration.  Nevertheless, the data used in this assessment produces a conservative and 
protective risk estimate for mid-water zone fish. 
This study builds on previous toxicity experiments involving DB.  According to Barron 
et. al., 2018, there are only four published DB toxicity experiments, none of which reported on 
standard aquatic species.  The Barron et. al., 2018 study helped to establish baseline exposure 
and toxicity models for two blends of DB on four standard aquatic species, including Fathead 
Minnows.  The tested blends had similar acute lethal and sublethal effects when compared to 
conventional crude oils (Barron et. al., 2018).  Madison et. al., 2015 conducted the first published 
fish embryo toxicity study with DB on Japanese medaka (Oryzias latipes).  Significant findings 
of this study noted that PAH concentrations in DB are lower than conventional crudes (most 
notably the 2-ringed naphthalenes) because bitumen is a highly weathered oil.  The results 
showed a high prevalence of blue sac disease (BSD), impaired development, abnormal or un-
inflated swim bladders, and mRNA abnormalities indicative of cell cycling and mutations, 
xenobiotic metabolism and oxidative stress after exposure (Madison et. al., 2015).  Of note, DB 
that was chemically dispersed was 100 times more efficient in delivering toxic concentrations of 
PAHs versus the control.  
 Philibert et. al., 2016 compared the toxicity of DB and two conventional crude oils in 
developing zebrafish embryos.  The results indicated that mortality and pericardial edema was 
lowest in DB (Philibert et. al., 2016).  Researchers found that BTEX was a more accurate 
predictor of lethality and pericardial edema than total PAH content.  Separately, Alderman et. al., 
2017 studied the sublethal molecular, morphological, and organismal performance effects of DB 
exposure in juvenile Sockeye Salmon over a four-week duration.  The study found that chronic 
low concentrations (66.7 mg/L of water-soluble fraction (WSF)) of DB activated cellular 
biotransformation pathways in the heart and reduced swimming performance.  Interestingly, the 
researchers also found that a 3.5mg/L exposure to DB triggers compensatory mechanisms that 
maintain or modestly improve swimming performance (Alderman et. al., 2017). 
 
Hazard Identification and Exposure Profile 
The hazardous components of DB and CC are identified, discussed and compared in 
order to develop the exposure profile.  Because environmental concentrations and the resultant 
internal dose of the MAH and PAH mixture will vary for every spill, a conceptual exposure 
profile is created by evaluating NRCan weathering data.   
To assess the potential effects of a toxicant, the molecular composition, and physical and 
chemical weathering processes must first be understood.  Crude oil is made up of millions of 
hydrocarbons, organic compounds, metals, and other minerals.  Crude oils are routinely 
evaluated and classified via SARA analysis – that is the composition of saturates, aromatics, 
resins and asphaltenes (SARA) (Jokuty et. al., 1995; Woods et. al., 2008).  As depicted in Figure 
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14 below, DB differs from CC in that it contains greater than 50 percent resins and asphaltenes 
by weight, compared to five to ten percent in most CCs (Woods et. al., 2008; NAS, 2015).  The 
greater concentration of higher molecular weight (MW) resins and asphaltenes increase the oils 
density and viscosity (Alsaadi et. al., 2017).  When diluted bitumen is spilled, the smaller 
hydrocarbon chain diluents volatilize, leaving the heavier molecules to interact with suspended 
and dissolved solids, potentially causing the oil to sink in the water column (Barron et. al., 2018).  
It is important to note that during any oil spill, all oil components (including smaller molecular 
weight molecules) can interact with suspended and dissolved solids as they weather, potentially 
causing the oil to sink in the water column.  Weathering processes and their effect on the fate and 
transport of oil is discussed further in the risk characterization section below. 
 
 
 
Figure 14: SARA Fractions of Crude Oils. Source: NAS, 2015. 
 
Density and viscosity are two important oil characteristics because they determine 
whether oil will sink or float in water, and how quickly the oil will spread at a given temperature.  
DB characteristics are commonly referenced to West Texas Intermediate (WTI – a U.S. standard 
crude oil), North Sea Brent (Brent – European standard oil) and Western Canadian Select (WCS 
– a blended dilbit).  WTI and Brent are lighter, sweeter oils, while WCS is a heavy sour 
blend.9  Crude oil density is commonly described by API gravity – an inverse of specific gravity.  
As highlighted in Figure 15 below, there are 7 types of DB, which have an API density below 
22.3° (Oil Sands Magazine, 2018b).  An API of 10° equals 1,000 kg/m³, the density of 
freshwater.  Anything greater than 10° is lighter than water and will float when spilled.  Pure 
bitumen has an API of 8° (1,013 kg/m3), while condensates typically have an API of 50° (778.8 
kg/m3; Oil Sands Magazine, 2018b).  Additionally, bitumen typically has a viscosity of 100,000 
mPa, while diluent viscosity is roughly 1mPa (Zhou et. al., 2015).   
                                                          
9 Sweet oil contains less than .5% sulfur content; sour oil contains greater than .5%. 
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Figure 15: Crude Streams Derived from the Oil Sands. Source: Oil Sands Magazine, 2018b. 
 
Another common measure of crude oil is sulfur content.  This characteristic is important 
because higher sulfur content equates to higher polarity and solubility in water – leading to a 
higher exposure potential.  Pure bitumen usually contains 4-5% sulfur; DB contains 
approximately 3.8% (Oil Sands Magazine, 2018b).  Figure 16 below depicts the common oil 
benchmarks and their properties relative to DB.  Note: Synthetic Crude Oil (SCO) is a light 
sweet crude produced by upgrading bitumen.  Synbit is a mixture of synthetic crude and 
bitumen, typically a 50/50 blend (Oil Sands Magazine, 2018b).  Further explanation of the 
resultant changes in fate, transport and toxicity of synthetic or upgraded DB are included in the 
discussion section.  
 
 
 
Figure 16: Properties of Common Benchmark Crude Oils. Source: Oil Sands Magazine, 
2018b. 
Zhou et. al., 2015 compared properties of 10 types of DB to 9 light CCs, 5 medium CCs 
and 11 Heavy CC oils, utilizing www.crudemonitor.ca data.  As depicted in Figure 17 below, DB 
contains higher Sulfur content than most CCs.  Fortunately, most of the Sulfur in DB does not 
occur as H2S or mercaptans, like it does in CCs.  This is important because H2S and mercaptans 
are more bioavailable forms of Sulfur, which can be ingested and adsorbed by aquatic organisms 
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in the water phase.  In the gas phase, H2S and mercaptans can pose inhalation and explosion risk 
hazards to humans – complicating response clean-up (Zhou et. al., 2015; Lee et. al., 2015).10  
The Sulfur in bitumen is organic Sulfur that is covalently bound in carbonaceous ring structures 
(e.g. PAHs; Strausz, and Lown, 2003; Zhou et. al., 2015).  Organic Sulfur in this form is referred 
to as a heteroatom.11  Heteroatom content is not only an important measurement in refinery 
operations, but also in risk assessment because increased heteroatom content increases the 
molecular polarity, water solubility and susceptibility to oxidation (Lee et. al., 2015).  These 
properties increase a molecule’s bioavailability.  While the COCs for this risk assessment are the 
well-studied MAHs and PAHs (saturate and aromatic fraction), a significant portion of DB (resin 
and asphaltene fraction) remains potentially bioavailable because heteroatom content in these 
fractions increases with molecular weight (Gray, 2015).  Additional toxicity testing of the resin 
and asphaltene fractions is needed in order to produce a full risk profile. 
 
 
Figure 17: Sulphur [Sulfur] Content in DB and CCs from Western Canadian Sedimentary 
Basin. Source: Zhou et. al., 2015.  
 
 Total Acid Number (TAN) is another important characteristic because it contributes to 
acute toxicity in aquatic organisms (Zhang et. al. 2011).  TAN is a measurement of oil acidity 
and is used to quantify all organic acid (e.g. naphthenic acid – NA) content (Zhou et. al., 2015; 
Lee et. al., 2015).  NAs are a large, diverse group of alkyl-substituted cyclic and noncyclic 
carboxylic acids, that are more polar than hydrocarbons themselves because of their acidic 
groups and heteroatom content (Lee et. al., 2015).  NAs occur in oil as a result of biodegradation 
in the oil reservoir; biodegradation processes continue throughout an oil spill.  The NA species 
that become water soluble are of toxicological concern. This increased polarity increases water 
solubility and ability to penetrate cell walls, and mobility in the water column, thereby increasing 
the exposure potential for mid-water zone fish.   
Scarlett et. al., 2012 modeled 54 NAs and six alkylphenols for a range of environmental 
and human toxicity related endpoints, including Fathead Minnows.  The research found that 
MAH acids likely pose the greatest threat to environmental species, especially fish (Scarlett et. 
                                                          
10 H2S can occur in gas or water phase, dependent upon the water content of the oil and pH (Lee et. al., 2015). 
11 Elements other than Carbon and Hydrogen in carbonaceous ring structures are referred to as heteroatoms.  
Typical heteroatoms in crude oil include Nitrogen, Sulfur and Oxygen, etc. (Gray, 2015). 
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al., 2012).  NAs also contain alkylated phenols, which are potentially more toxic than some 
straight chain and cyclic compounds.  This is because alkylphenols are substrates for more CYP 
enzymes than the NAs, meaning alkylphenols are more bioavailable and have a greater exposure 
potential (Scarlett et. al., 2012). 
As depicted in Figure 18 below, Zhou et. al., 2015 found that DB TAN concentrations 
were consistently higher than CC TAN.  Bitumen contains 2% NAs, while most North American 
CCs contain only .2% (Quagraine et. al., 2005).  As depicted in Figure 19 below, during 
NRCan’s recent DB spill tank test, NA content in the water column rose to 2.25 μg/L at day 14 
of the test and remained above 0.5 μg/L for two weeks.  NRCan scientists attribute this to 
biodegradation processes of lower MW organic acids (Xin and Dettman, 2018).  This was not 
directly correlated to any changes in toxicity during INRS testing but the biodegradation timeline 
(14 days) correlates with findings from multiple other field and laboratory studies.  Biryukova et. 
al., 2007; Clemente et. al., 2004; Holowenko et. al., 2002; and Quagraine et. al., 2005 have 
shown that indigenous microbial populations in water can degrade some of the lower MW NAs 
(<C22) in 10-17 days under aerobic conductions, thereby decreasing overall toxicity from TAN 
over time.  While TANs are an important measurement of oil toxicity, more research is needed to 
further identify all NAs in DB, their solubility and their individual contribution to toxicity. 
 
 
Figure 18: Total Acid Number (TAN) in DB and CCs from Western Canadian 
Sedimentary Basin. Source: Zhou et. al., 2015.  
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Figure 19: Naphthenic Acid in Water during NRCan DB Weathering Test. Source: Xin 
and Dettman, 2018.  
 
As depicted in Figure 20 below, DB has lower BTEX content when compared to CCs, 
which results in decreased acute toxicity.  BTEX content in DB is primarily associated with the 
diluent and as depicted in Figure 20 below, is roughly equivalent to heavy CC BTEX content.  
Figure 21 below, shows that BTEX content in the DB Weathering Test largely dissipated within 
6 hours.  The CLB DB sample contained 6.31 mg/L BTEX at T-0 and 1.13 mg/L BTEX at T-6.  
This decrease matches the 38% decrease observed in Total Organic Carbon (TOC; aqueous 
phase) content, as depicted in Figure 22 below.12  Given that the majority of BTEX content 
dissipated within 6 hours, it is expected that INRS toxicity results will reflect a similar trend – 
Fathead Minnows will experience a greater acute toxicity up-to the 6-hour water accommodated 
fraction (WAF) sample.  Note: the DB test was conducted with 15-degree Celsius water and air 
temperature.  At higher water and air temperatures, BTEX is expected to volatize more quickly. 
 
                                                          
12 TOC includes natural organic material (NOM) contained in the North Saskatchewan water and sediments.  
Baseline NOM was 2.0 mg/L. 
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Figure 20: Total BTEX Content in DB and CCs from Western Canadian Sedimentary 
Basin. Source: Zhou et. al., 2015. 
 
 
Figure 21: BTEX in Water during NRCan DB Weathering Test. Source: Xin and Dettman, 
2018.  
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Figure 22: Total Organic Carbon (TOC) and BTEX in Water during NRCan DB 
Weathering Test. Source: Xin and Dettman, 2018.  
 
 Comparing the DB BTEX content to CC BTEX content, the Alberta Mixed Sweet Blend 
(CC) contained 9.36 mg/L BTEX at T-0 and 0.60 mg/L BTEX at T-6.  The CC contained 39% 
more BTEX than the DB sample at T-0 (9.36 mg/L vs. 6.31 mg/L), equating to an increased 
acute toxicity potential.  However, the CC BTEX content decreased at a faster rate (94% 
decrease over 6 hours), versus an 82% decrease over 6 hours for the DB sample.  If the acute 
toxicity potential from BTEX content alone was compared at T-6 for both samples, the DB 
would have a greater potential.  CC BTEX content and volatilization rates are depicted in Figure 
23 below.  Figure 24 depicts CC BTEX and TOC content. 
 
 
Figure 23: BTEX in Water during NRCan CC Weathering Test. Source: Xin and Dettman, 
2018.  
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Figure 24: Total Organic Carbon (TOC) and BTEX in Water during NRCan CC 
Weathering Test. Source: Xin and Dettman, 2018.  
 
 The final component of the hazard identification is an analysis of the water 
accommodated fraction (WAF) of PAH content and distribution.  As depicted in Figure 25 
below, the DB sample used during NRCan Weathering Test had a total PAH (including alkylated 
PAHs (aPAH)) concentration of 4,796 μg/L at T-0 (hrs) but dropped to 164 μg/L by T-3 (hrs).  
After the initial volatization during the first three hours of the test, total PAH concentration in the 
water column averaged 95 μg/L while the standardized breaking waves were on and averaged 36 
μg/L while the waves were off.   
Figure 27 below depicts the chemical fingerprint of the DB during NRCan’s Weathering 
Test, while Figure 28 depicts the fingerprint starting at T-3 (after the initial volatization).  The 
second fingerprint enables a more detailed view of PAH distribution after the initial high-rate 
volatization.  These fingerprints show the concentration and distribution of 52 2-ring to 6-ring 
PAHs and their homologs through time, arranged by molecular weight.  Both fingerprints show a 
characteristic bell-shaped pattern through each PAH homologue series, with C2 and C3 normally 
predominating (Stogiannidis and Laane, 2015; Stout et. al., 2002).  NRCan evaluated the C1, C2, 
C3 and C4, which are termed alkylated PAHs (aPAHs) throughout this discussion.  As depicted 
in Figure 26 below, the PAHs in this DB sample contained an average of 87% aPAHs.  A faint 
cyclic pattern in PAHs and aPAHs emerges at T-120 hours.  This pattern correlates to the 
experiment’s wave action timeline, which is discussed further below.  As discussed in previous 
sections, these alkylated PAHs contain additional carbon and hydrogen atoms, which increase 
polarity and solubility (increasing toxicity potential), but also decrease binding efficiency to AhR 
(decreasing acute toxicity potential).  Solubility and polarity generally increase with alkylation 
level within each PAH family (i.e. C1<C2<C3<C4; Stogiannidis and Laane, 2015).  Note: due to 
GC limitations, not all species of PAHs are routinely measured.  This includes PAHs with 
heteroatom functional groups, except the selected oxidized compounds in the CC sample that 
were measured by INRS (discussed below). 
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Exploring the chemical fingerprints further shows that this DB exhibits characteristics of 
heavy crude oils – that is it contains higher concentrations of 4-ring PAHs like Fluoranthenes, 
Pyrenes, Benz(a)Anthracenes and Chrysenes.  According to Stogiannidis and Laane, 2015, most 
light and medium weight crude oils contain a majority of 2- and 3-ringed PAHs, while heavy 
crudes contain higher amounts of 4-ringed PAHs.  The tested DB contained an average of 11% 
4-ringed PAHs through time, with a standard deviation of 1.6, and an average of 2.5% 5-ringed 
PAHs through time, with a standard deviation of 1.1.  88% of the 4-ringed PAHs and 46% of the 
5-ringed PAHs were alkylated.  As compared to CC, because DB has higher concentrations of 4- 
and 5-ring PAHs (most of which are alkylated), it is expected that DB causes increased chronic 
or sub-chronic toxicity in aquatic organisms as compared to CC.   
As discussed above, chronic toxicity in fish embryos is most consistently associated with 
exposure to 3-5-ringed PAHs.  The tested DB contained an average of 74% 3-5-ringed PAHs 
through time, with a standard deviation of 4.3.  87% of the 3-5-ringed PAH subset was alkylated.  
As depicted in the chemical fingerprints, Phenanthrenes, Anthracenes and Dibenzothiophenes 
PAHs occur in greatest concentration and are examined further as part of this hazard 
identification and exposure analysis.   
 
 
Figure 25: PAHs and Alkylated PAHs in Water during NRCan DB Weathering Test. Data 
Source: Xin and Dettman, 2018.  
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Figure 26: Alkylated PAHs in Water during NRCan DB Weathering Test. Data Source: 
Xin and Dettman, 2018.  
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Figure 27: PAH Content by Molecular Weight through Time during NRCan DB 
Weathering Test. Data Source: Xin and Dettman, 2018.  
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Figure 28: PAH Content by Molecular Weight through Time (Starting at T-3 Hours) 
during NRCan DB Weathering Test. Data Source: Xin and Dettman, 2018.  
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The PAHs that occur in greatest concentration in this DB sample are Phenanthrenes, 
Anthracenes and Dibenzothiophenes, which are all 3-ring PAHs.  This can be explained, in part, 
given that the occurrence of phenanthrene homologs increases as the crude matures (Stout et. al., 
2002).  Separately, the dibenzothiophene PAH content in oil is a function of its abundance in 
source rock and anoxia during formation (Stout et. al., 2002; Stogiannidis and Laane, 2015).  
These higher concentrations make sense given how Canadian bitumen was formed and slowly 
biodegraded at low temperatures.  Dibenzothiophenes and phenanthrenes are routinely used in 
chemical fingerprinting because of their numerous isomers and mild and similar degradability 
(Stogiannidis and Laane, 2015).   
As crude oil weathers, the concentration pattern C0<C1<C2<C3<C4 emerges within each 
alkylated PAH family (Stogiannidis and Laane, 2015).  This is depicted for Phenanthrenes, 
Anthracenes and Dibenzothiophenes PAHs in Figures 29 and 30 below.  At T-0 hours, 
Phenanthrene and Anthracene PAHs and aPAHs had a total concentration of 1,110 μg/L, 
dissipating to 36 μg/L by T-3.  As predicted by Stogiannidis and Laane, 2015, the parent and less 
alkylated homologues degraded faster than the more alkylated homologs.  Additionally, as 
depicted in Figure 30 below, the content of the more alkylated homologues in the water was 
enhanced at times during the weathering process.  This observance matches the phenomenon that 
Stogiannidis and Laane, 2015 described.  While DB forms stable oil emulsions on the surface of 
the water, Figure 30 below shows that PAHs (e.g. Phenanthrenes, Anthracenes and 
Dibenzothiophenes) are enhanced and strongly dispersed throughout the water column when 
subjected to wave action.  T-3, T-6, T-24, etc. are shown in green and red, with green depicting 
breaking waves on and red depicting waves are off during NRCan Weathering Test.  This 
phenomenon is an important factor to consider during spill response, which is described in the 
discussion section below.   
 
 
Figure 29: Distribution and Content of Phenanthrenes/Anthracenes and 
Dibenzothiophenes through Time during NRCan DB Weathering Test. Data Source: Xin 
and Dettman, 2018.  
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Figure 30: Distribution and Content of Phenanthrenes/Anthracenes and 
Dibenzothiophenes through Time (Starting at T-3 hours) during NRCan DB Weathering 
Test. Data Source: Xin and Dettman, 2018.  
 
Comparing DB to the CC sample, Figure 31 depicts the total PAH concentration 
(including alkylated PAHs (aPAH)).  The CC contained 19,155 μg/L PAH at T-0 (hrs), dropping 
to 2,020 μg/L by T-3 (hrs) – 300% more PAH at T-0 and 1,132% more at T-3, when compared to 
the DB sample.  This makes sense because as previously discussed, CC contains a majority of 
saturates and aromatics (<C40, e.g. PAHs) compared to DB.  Examining the PAH content further, 
it is interesting to note that the sample contained an average 91% aPAH through time, with a 
standard deviation of 1.6.  Evaluating the aPAHs further, INRS evaluated oxygenated PAHs 
through time.  As depicted in Figure 32 below, INRS found that oxygenated PAHs increased 
through time, beginning primarily at Day 14 (T-312).  As part of their study, they are evaluating 
if oxygenated PAHs are a better predictor of toxicity in weathered CC.  Their findings are further 
discussed in the stressor response profile. 
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Figure 31: PAHs and Alkylated PAHs in Water during NRCan CC Weathering Test. Data 
Source: Xin and Dettman, 2018.  
 
 
 
Figure 32: Oxidized PAHs in Water during NRCan CC Weathering Test. Data Source: 
Langlois, et. al., 2018.  
 
Comparing the chemical fingerprints of the two oil types shows marked difference in 
PAH content and distribution.  Figure 33 depicts the chemical fingerprint of the Alberta Mixed 
Sweet Blend CC during NRCan’s Weathering Test, and Figure 34 depicts the fingerprint starting 
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at T-3 (after the initial volatization).  These fingerprints show the concentration and distribution 
of the same 52 2-ring to 6-ring PAHs and their homologs through time, arranged by molecular 
weight.  90% of the PAHs in the CC are 2- to 3-ring PAHs.  This correlates to findings from 
Stogiannidis and Laane, 2015, and Stout et. al., 2002, which found that the content of low MW 
PAHs (i.e. 2- to 3-ring PAHs) far exceed high MW PAHs (i.e. 4- to 6-ring PAHs) in 
conventional crude oils.  This distribution and higher concentration of low MW PAHs lead to 
increased acute toxicity potential in CC.  Note the difference in concentration scales between 
Figures 33 and 34. 
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Figure 33: PAH Content by Molecular Weight through Time during NRCan CC 
Weathering Test. Data Source: Xin and Dettman, 2018.  
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Figure 34: PAH Content by Molecular Weight through Time (Starting at T-3 Hours) 
during NRCan CC Weathering Test. Data Source: Xin and Dettman, 2018.  
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Based on the chemical analysis outlined above, DB is more environmentally persistent 
than CC because of the greater concentrations of resins and asphaltenes.  Even though DB has 
lower concentrations of saturates and aromatics (e.g. BTEX and PAHs) that can dissolve into the 
water column or adsorb to dissolved organic matter and accumulate in organisms, it is arguably 
equally toxic to aquatic species when compared to conventional crude oils (Madison et. al., 
2015; Alsaadi et. al., 2017).  The key difference between the risks associated with each oil is in 
how toxicity is measured: acute vs chronic, which is discussed in the stressor response profile, 
risk characterization and discussion sections.   
 
Stressor Response Profile 
The section discusses how the CERA’s general qualitative (high, medium, low) stressor 
response assessment is quantified with the no-observed-adverse-effect level (NOAEL), lowest-
observed-adverse-effect level (LOAEL) and lethal concentration 50% (LC50) utilizing Fathead 
Minnow (Pimephales promelas) toxicity data from INRS.  Given the exposure profile above, the 
potential and type of ecological effects that can be expected are examined and described.  As a 
result of the NRCan study design whereby 10 L of oil was spilled in 1,200 L of water, Fathead 
Minnows were exposed to an effective concentration of 0.8% at the 100% WAF dilution.  Recall 
that INRS exposed the fish embryos to 0%, 12.5%, 25%, 50% and 100% dilutions of the NRCan 
water samples.  The greatest dilution (12.5%) resulted in a 0.1% effective concentration of 
spilled oil.  As previously discussed, the complete results of the INRS studies are not yet 
published, so the limited data available is used to develop the preliminary stressor response 
profile.  This profile only addresses the mortality and malformation rates.  Once the results of the 
DB and CC INRS studies are finalized, the stressor response profile can be completed. 
 As depicted in Figure 35 below, there are no statistical differences in mortality rates for 
CC exposure through time or concentration.  Further experimentation and refinement of CC 
exposure rates is recommended in order to compare toxicity profiles and ecological risks.  As 
depicted in Figure 36, mortality rates for DB exposure correlate to exposure concentration.  The 
LC50 occurs at 100% dilution, whereby the average TPAH concentration through time is 548 
μg/L.  The proposed LC50 value needs further refinement and validation with additional toxicity 
tests that utilize decreased exposure concentrations. 
 Interestingly, at 35-days and 100% WAF PAH concentration, there is a statistically 
significant decrease (>20%) in mortality rate when compared to Day 1 through Day 28 samples.  
This potentially means that DB exhibits a decreased toxicity potential to mid-water zone fish as 
it weathers to 35 days.  Neglecting Day 1 where significant BTEX content could have 
contributed to acute lethality, TPAH was 51.4 μg/L at Day-6,  51.5 μg/L at Day-6, 57.2 μg/L at 
Day-14, while TPAH at Day-35 was 46.5 μg/L.  Unfortunately, TPAH was not measured by 
NRCan at Day-28.  Given the relatively small differences in TPAH content through time, there 
are presumably other factors that caused the significant decrease in mortality rate at Day-35.  
Further analysis and testing are required to identify the cause. 
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Figure 35: Mortality Rates of Fathead Minnows through Time during INRS CC Toxicity 
Test (Time in Days). Source: Langlois et. al., 2018. 
 
 
Figure 36: Mortality Rates of Fathead Minnows through Time during INRS DB Toxicity 
Test (Time in Days). Source: Lara et. al., 2018. 
 
Malformation rates for both oil types correlate to weathering time and concentration.  As 
depicted in Figure 37, greater malformation rates occur at Days 14, 21 and 28 in CC.  This 
correlates to INRS’s observation of increased oxidized PAHs as the CC weathers – meaning 
oxidized PAHs could better predict toxicity in weathered CC (Langlois et. al., 2018).  Note: As 
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crude oil is biodegraded and oxidized by natural processes, hydrocarbons are oxidized to 
alcohols, ketones and organic acids, which are more water soluble than the hydrocarbon 
compounds themselves (Transportation Research Board, 2003).  Oxidation not only allows for 
further dissolution, dispersion, spreading and sedimentation, it makes hydrocarbons more bio-
available to aquatic organisms (Transportation Research Board, 2003).  As depicted in Figure 38, 
malformation rates in the 12.5%, 25% and 50% dilutions decrease as DB weathers over time – 
meaning sub-lethal acute toxicity potentially decreases with time.  Further analysis and testing 
are required to confirm the change. 
Given the 0%, 12.5%, 25%, 50% and 100% dilutions, the NOAEL for DB in this 
experiment occurs at the 12.5% dilution.  NOAEL is not a “risk-free” measurement; statistically, 
it means that the biological responses in the given number of animals tested at the dosage is not 
significant to the background incidence of adverse responses in the control groups (Casarett & 
Doulls, 2008).  As depicted in Figure 38 below, averaging the malformation rates across the 
12.5% dilution through time results in a 15% malformation rate.  Because this rate is below the 
statistically relevant response (>20%), it is considered the NOAEL (Casarett & Doulls, 2008).   
Multiplying the dilution by the average TPAH concentration through time (548 μg/L) results in a 
68.5 μg/L NOAEL.  Further experimentation and refinement of the NOAEL is recommended. 
 The LOAEL is found in a similar manner; averaging the malformation rates across the 
25% dilution through time results in a statistically relevant (33%) malformation rate.  
Multiplying the dilution by the average TPAH concentration through time (548 μg/L) results in a 
137 μg/L LOAEL.  The proposed DB LOAEL value needs further refinement and validation 
with additional toxicity tests that utilize decreased exposure concentrations. 
 
 
Figure 37: Malformation Rates of Fathead Minnows through Time during INRS CC 
Toxicity Test (Time in Days). Source: Langlois et. al., 2018. 
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Figure 38: Malformation Rates of Fathead Minnows through Time during INRS DB 
Toxicity Test (Time in Days). Source: Lara et. al., 2018. 
 
Given that the proposed NOAEL, LOAEL and LC50 values are based on the complex 
mixture of total polycyclic aromatic hydrocarbon (TPAH) content, future iterations of this ERA 
can utilize the target lipid model (TLM) and PETROTOX software to more accurately describe 
the aquatic toxicity based on individual PAH composition and distribution.  While additional 
testing is needed to confirm the NOAEL, LOAEL and LC50, initial results indicate that DB 
exhibits an overall decreased toxicity potential to mid-water zone fish as it weathers compared to 
CC.  The mechanism by which this happens still needs to be identified.  Based on the chemical 
analysis in the exposure profile, DB is more environmentally persistent than CC because of the 
greater concentrations of resins and asphaltenes.  On the other hand, DB has lower 
concentrations of saturates and aromatics that can dissolve into the water column or adsorb to 
dissolved organic matter and accumulate in organisms.  Further analysis is needed to confirm 
both the acute and chronic toxicity of DB. 
 
Uncertainty Analysis: 
Estimation of risks to ecological receptors is a complex process.  It is even more complex 
when the risk assessment is extrapolated from laboratory data to potential field values, which can 
vary depending on oil and water properties, spill characteristics and properties of the surrounding 
ecosystem.  Uncertainty is inherent in every step of the ERA process because each parameter 
used in estimating risk has a degree of variability and uncertainty.  Throughout this ERA, 
conservative assumptions are made to protect the ecological receptor and ensure that risks are not 
underestimated.  The risk values generated in this ERA are not precise or determinate; they are 
conditional estimates controlled by upper-bound assumptions regarding exposure and toxicity. 
The calculated risk values provide an upper bound estimate of the potential ecological risks, as it 
is not possible to obtain an accurate estimate of actual ecological risks for any given spill.  In all, 
one must remember that the measurements of toxicity are affected by the measurement tools and 
methods in each step of the process (i.e. the methods for mixing, weathering and sampling the 
spilled oil; shipping and transporting the water samples; selecting, rearing and exposing the fish; 
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and analyzing test solutions, etc.).  This section summarizes the major factors that contribute to 
this ERA’s uncertainty in order to minimize their effects on the interpretation of the ERA results.  
While there is a large amount of species-specific biology and toxicity data in both 
laboratory and field settings, there is uncertainty in extrapolating species-specific molecular, 
biological and cellular changes to other species and to the larger ecological risk assessment 
setting (Ankley and Villeneuve, 2006).  More specifically, because PAHs and PACs 
bioaccumulate in fish and invertebrates, there is uncertainty in extrapolating the results to upper 
trophic level aquatic receptors.  Additionally, while oil spills are normally transitory and of 
limited duration, there is uncertainty in extrapolating the seven-day assay results to low-dose, 
acute or chronic exposures that may be present in real-life oil spills.  Another challenge is the 
prediction of effects to the thousands of new and existing chemicals (and metabolites) for which 
no data exist (Ankley and Villeneuve, 2006).  As discussed above, crude oil chemical 
composition is deposit, intra-deposit and mixture dependent; therefore, there is uncertainty in 
extrapolating these toxicity results to other DB products.  Fortunately, multiple studies have 
shown that while biological responses to xenobiotics vary among species, there is commonality 
at the molecular level that provides some understanding of the toxicological response across all 
vertebrates (Ankley and Villeneuve, 2006).  Further, Sappington et. al., 2001, Besser et. al., 
2005, and Dwyer et. al., 2005 (a, b) validated that using Fathead Minnows is predictive of acute 
and chronic toxicity of chemicals to a variety of threatened or endangered fishes.  The studies 
tested a variety of chemical classes with different toxic modes of action, meaning the results 
from this study are representative of the risks to the mid-water zone fish and other DB products.  
As previously discussed, INRS utilized Fathead Minnow larvae, which are the most sensitive life 
stage, which provides additional protective measures to the risk assessment. 
There is also uncertainty in extrapolating the laboratory results to actual oil spill effects.  
The greatest challenge in extrapolating lab results is accounting for true chemical bioavailability 
given the physical, biological and chemical variations in freshwater environments.  There is also 
uncertainty given that most oil spills in freshwater systems can be classified as transitory – 
meaning the ecological effects may be muted due to water flow, dispersion and dilution, and the 
transitory nature of fish and other aquatic receptors.  Fortunately, the Fathead Minnow has 
frequently been used to assess and provide linkages between laboratory and field results.  During 
the 1980’s the EPA used Fathead Minnows as an indicator species in effluent monitoring in eight 
different freshwater systems.  The results showed that the seven-day Fathead Minnow survival 
and growth assay was predictive of alterations in the larger biological communities, and matched 
laboratory water sample toxicity results 90% of the time.  Ultimately, these studies helped 
develop effluent and water quality guidelines (US EPA, 1991; Ankley and Villeneuve, 2006).  
As discussed throughout this ERA, chemical bioavailability is dependent upon Kow, water quality 
characteristics (e.g. pH, hardness, alkalinity) and dissolved or particulate organic carbon content 
in the water.  Extreme values of these characteristics may mask the presence and effects of 
toxicants (US EPA, 2002b).   
The laboratory tests utilize North Saskatchewan River water, which has an average pH 
8.0 and 237 ppm total dissolved solids (TDS).  Before the spill tank test, North Saskatchewan 
River flood-plain sediment containing 21% clay, 78% silt and 1% sand is added to the water 
until 2,000 ppm is achieved (Dettman, 2017).  Throughout the spill tank test, suspended 
sediments have measured an average 100 ppm (Dettman, 2018).  The Canadian Government has 
conducted other meso-scale laboratory experiments under differing conditions to examine when 
DB will sink.  While DB did not sink in most of the tests, DB formed sinking oil globules after 
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12 hours of rotary jar mixing in North Saskatchewan River water with a pH of 8.6 and 10,000 
ppm TDS (DFO, 2018).  As previously discussed, clays have high adsorption capacity and can 
bind chemicals and other organics because of their surface ionic charges (Delaware Estuary, 
2012).  Additional research to determine why the oil sank with increased pH and sediment load 
is needed. 
Separately, as depicted in Figure 11 above, water samples are taken by a consistent 
method from a defined location within the tank.  However, because energy flow (i.e. oil and 
sediment particle movement) within the spill tank is not known,13 the water samples (from which 
toxicity tests are run) may not provide an accurate assessment of oil and sediment dispersion 
throughout the entire tank and water column.  Anecdotally, throughout NRCan’s 18-A-ST2 DB 
test (conducted June-July 2018), the author observed sediment on the tank bottom throughout the 
test, and as the DB weathered, increased oil droplet concentration and size was qualitatively 
observed throughout the water column.  These observations match NRCan scientist observations 
from other DB tests.  Finally, additional uncertainty is added given that the water samples must 
be shipped via overnight express mail from NRCan in Devon, Alberta to INRS in Quebec City, 
Quebec.  Ideally, toxicity tests should begin no later than 24 hours after sample collection (US 
EPA, 2002a), which is the case with this study.  While head space is minimized in the glass 
shipping containers, the samples are exposed to temperature extremes and excessive 
movement/shaking, which can alter the physical and chemical characteristics of the water 
samples, affecting toxicity results. 
Current NRCan spill tank tests do not expose the oil to direct ultraviolet (UV) light.  This 
neglects an important phenomenon known as photo-enhanced toxicity and causes additional 
uncertainty in the ERA results.  Photo oxidation is a natural process that occurs during actual oil 
spills whereby solar radiation interacts with aromatic hydrocarbons, resulting in a potential 
twofold to 1,000-fold increase in chemical toxicity to aquatic organisms (Barron, 2017).  During 
the photo oxidation process, PAHs are activated and modified by UV light, and transform into 
more toxic intermediates known as reactive oxygen species (Barron, 2017).  3-ring PAHs are 
most susceptible to photo oxidation, so heavier oils like DB that contain a larger fraction of 3–5 
ring PAHs will cause greater photo-enhanced toxicity than lighter oils (Barron, 2017).  NRCan 
has however, conducted separate photo oxidation analysis of DB, which is detailed in Hounjet, 
et. al., 2017.  Interestingly, the lab-bench scale study observed that the aromatic fraction of DB 
sank in freshwater after 8 days of photo oxidation, while the entire DB sample submerged just 
below the water surface.  Additional DB spill tank tests with UV exposure is recommended to 
confirm the effects of photo oxidation on the oil’s fate and transport. 
There is additional uncertainty in the ERA given that INRS utilized static non-renewal 
toxicity testing.  While this type of testing is simple, inexpensive and requires limited resources 
to conduct, it does have disadvantages which can impact toxicity results.  Some disadvantages 
include: dissolved oxygen (DO) depletion as a result of high chemical oxygen demand (COD), 
biological oxygen demand (BOD) or metabolic wastes; possible loss of toxicants through 
volatilization and/or adsorption to the exposure vessels; and chemical degradation over the 7-day 
assay (US EPA, 2002b; Hodson, 2017).  These factors can skew the results by reducing the 
apparent toxicity; low DO can mask the presence of toxicants (US EPA, 2002b).  Additionally, 
low DO can stunt fish growth, skewing the observed hatching time, heart beat and malformation 
                                                          
13 NRCan plans to study and define tank energy flow in partnership with New Jersey Institute of Technology (NJIT) 
as part of a future research project (Dettman, 2018). 
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data.14  This uncertainty can be reduced in future tests by using static-renewal or flow-through 
tests.  Uncertainty is also reduced by using standardized acute and chronic test conditions.  US 
EPA, 2002 (a, b) describes EPA Test Methods 1000.0 and 2000.0, which INRS uses to ensure 
accurate results. 
Differences among fish stock and food variability also add uncertainty to toxicity testing.  
According to Casarett & Doulls, 2008, there are variations in exposure response across age, sex, 
health and genetics.  While the other variables can be controlled in each experiment, genetic 
differences are not currently accounted for.  Unlike mouse and rat specimens, there is no single 
definable stock of Fathead Minnows with defined genomes used in laboratory testing (Ankley 
and Villeneuve, 2006).  Better definition and control of genetic stocks would enhance both 
toxicity and genomic data quality.  The controlled and defined genetic composition would 
increase the understanding of variations of laboratory toxicity results and provide clarity on 
laboratory versus field animal responses (Ankley and Villeneuve, 2006).  Fortunately, the U.S. 
Joint Genome Institute has developed approximately 12,000 cDNA libraries for the Fathead 
Minnow, which can improve the specificity and application of toxicity results if the tested 
specimen’s genome is known.  Separately, laboratory fish diet is another highly variable factor 
that adds uncertainty to toxicity test results (US EPA, 2002; Ankley and Villeneuve, 2006).  
Food added during testing may sequester metals and other toxicants, skewing test results (US 
EPA, 2002b).  The most commonly used food is brine shrimp, which “is not well-defined 
nutritionally, can contain uncharacterized background contaminants, and varies from lot-to-lot” 
(Ankley and Villeneuve, 2006).  Although laboratory Fathead Minnows grow and reproduce 
quite well on this diet, a formulated commercial fish-food diet would ensure more consistent 
animal growth and uniformity across laboratories and studies (Ankley and Villeneuve, 2006).  
These feed related uncertainties are reduced in static-renewal and flow-through tests because 
toxicants are renewed daily (US EPA, 2002b). 
Further, there is uncertainty with the LC50 and the proposed LOAEL and NOAEL.  This 
is because it is difficult to determine the actual external and internal doses the Fathead Minnows 
received in the given exposure timeframes.  Additionally, given the limited number of toxicity 
trials, the dilution spacing interval used (0%, 12.5%, 25%, 50% and 100%) and number of 
animals tested, additional tests are required to solidify the statistical accuracy of the proposed 
LOAEL and NOAEL (Casarett & Doulls, 2008).  To increase the certainty of the results, the 
findings should be compared across species, consider other assessment endpoints, and the results 
should be evaluated and duplicated utilizing other experimental conditions (Casarett & Doulls, 
2008).  To gain a more complete risk assessment of the entire freshwater ecosystem, the COCs 
should be further evaluated (individually and in mixture) by applying chemical-specific 
adjustment factors to the exposure assessment. 
 
Phase 3 – Risk Characterization: 
The risk characterization summarizes and integrates the exposure and stressor-response 
profiles to estimate the risk and potential ecological impacts of an oil spill.  This phase utilizes a 
line of evidence approach, evaluating the physical and chemical weathering processes, and a 
biological assessment of the potential impacts.  Future iterations of this ERA can include hazard 
                                                          
14 Dissolved oxygen concentrations below 7.9 mg/L significantly reduce Fathead Minnows growth (US EPA, 2002; 
Brungs, 1971). 
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quotient calculations of non-carcinogenic COCs, and comparison of CERA results to toxicity 
models and real-world spill impacts.   
 
Line of Evidence (LOE) – Physical and Chemical Weathering: 
Like all chemicals, spilled oil is subject to physical, chemical, and biological processes 
that change the composition and environmental impact of the oil (Transportation Research 
Board, 2003).  As depicted in Figure 39 below, spilled oil is subject to multiple weathering 
processes in aquatic environments.  These processes are important to consider for both spill 
response considerations and toxicity calculations.  When oil is submerged, sunk or dispersed 
throughout the water column, spill response efforts are less efficient.  Similarly, if oil is less 
dispersed in the water column following a spill, smaller concentrations of COCs are bioavailable 
for mid-water zone fish.  A few of the significant processes affecting the fate and transport of DB 
are discussed in this LOE; further discussion on weathering processes can be found in Oil in the 
Sea III: Inputs, Fates, and Effects.   
 
 
 
Figure 39: Oil Weathering in the Marine Environment. Source: The International Tanker 
Owners Pollution Federation. http://oils.gpa.unep.org/facts/fate.htm.  
 
Evaporation is an important weathering process to consider when assessing the potential 
impact to wildlife.  75% (by volume) of spilled light oil (e.g. kerosene, gasoline) can evaporate 
and/or biodegrade within the first 48-72 hours.  Most medium oils (e.g. conventional crude oils 
and diesel fuel) evaporate 40% (by volume) within the first 24-72 hours, and heavy oils (e.g. 
Bunker C fuel, No. 6 fuel oil) typically evaporate 10%.  Figure 40 below depicts the typical 
evaporation rates for various oils in the marine environment at 15 degrees Celsius.  Based on the 
chemical composition of DB, it is expected to evaporate and/or biodegrade at a rate between 
Diesel and Bunker C oils. 
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Figure 40: Typical Evaporation Rates of Various Oil Types at 15° C. Source: NAS, 2003.  
 
Recall that CERA scenario 4 involved the discharge of 100,000 gallons of CLB DB in 
Mantua Creek, a freshwater tributary of the Brackish Delaware River.  NOAA’s ADIOS 2 model 
calculated that approximately 20% (by volume) of the oil would evaporate within the first six 
hours and 27% would evaporate after 120 hours.  Water temperature was set at 50 degrees 
Fahrenheit, which equates to 10 degrees Celsius.  The scenario was designed to occur on May 
25th, but due to input error, the model was run on January 15th.  The air temperature was not 
stated in the model.  Sediment load as set at 50 g/m3 which equates to 50 ppm.  Notably, CERA 
participants assumed that the DB would sink after 4-7 days and likely severely impact (smother) 
benthic organisms and their habitat, even though the model stated oil density would only reach 
970 kg/m3. 
CERA scenario 5 involved the discharge of 50,000 gallons of CLB DB in the brackish 
Delaware River at the ETM.  ADIOS 2 model calculated that 23% (by volume) of the oil would 
evaporate within the first six hours, and 28% would evaporate after 120 hours in Scenario 5.  
Water temperature was set at 60 degrees Fahrenheit, which equates to 15.6 degrees Celsius.  The 
scenario occurred on April 15th, but the air temperature is not stated.  Sediment load in the model 
was set at 50 g/m3 which equates to 50 ppm.  The salinity was set to 0; most likely an input error 
because the Delaware River is brackish at the scenario location.  Notably, CERA participants 
assumed that the 25% of the DB would sink after 4-7 days, even though the model stated oil 
density would only reach 970 kg/m3.  For both scenarios, the model states that emulsions will 
form when 6% of the oil is evaporated but the weathering table shows that zero emulsions 
formed.  It is unclear if this is an input error or model error. 
Comparing the expected fate and transport results to NRCan data, an average 22.5% (by 
weight) evaporated during recent DB spill tank tests (Dettman, 2017).  This correlates to ADIOS 
2 model results.  During NRCan’s tests, sustained TSS concentration was 100ppm – double the 
model value and two-to-six times the expected TSS in the Delaware River at the scenario 
location (16-46 ppm; Dettman, 2017; Sharp et. al., 2009).  Recall that the added sediment 
consisted of 21% clay, 78% silt and 1% sand (Dettman, 2018).  Also recall that DB contains 
higher portions of resins and asphaltenes when compared to CC.  The resins and asphaltenes 
have high heteroatom and aromatic carbon concentrations and contain the majority of polar 
compounds within crude oil samples (Gray, 2015).  They are also the highest molar mass of the 
SARA fractions and have high densities (up-to 1200 kg/m3; Gray, 2015).  More specifically, 
asphaltenes readily adhere to a variety of surfaces including oxides like silica (i.e. sand) and 
exhibit noncovalent interactions with other macromolecules (i.e. other oil components and 
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suspended sediments; Gray, 2015).  Presumably, it is because of these properties that CERA 
participants concluded that the DB in scenarios 4 and 5 would sink. 
These same properties and attractive forces cause oil to emulsify when exposed to mixing 
energy – wind, waves and current.  Like the other weathering processes, emulsification changes 
the properties and characteristics of spilled oil.  The emulsification process changes the density 
and viscosity of the oil, potentially causing it oil to sink lower in the water column and act like a 
heavy mousse.  Because of the high resin and asphaltene content, DB forms stable emulsions at 
the oil-water interface and will not disperse throughout the water column like conventional oils 
(Gray, 2015; Kumar et. al., 2001; Yang et. al., 2004).  NRCan found that weathered floating DB 
contained as much as 46% (% volume) basic sediment and water (BS&W) content (Zhou et. al., 
2015) – meaning DB can sorb to a significant amount of sediment and remain floating at the 
surface.  On the other hand, CC more easily disperses throughout the water column with mixing 
energy as a result of its SARA distribution (greater concentration of saturates and aromatics) and 
low viscosity.  In previous weathering tests, NRCan found that 29% (% weight) of Medium Sour 
Blend (MSB) CC dispersed throughout the water column (Zhou et. al., 2015).  Greater dispersion 
increases the likelihood that oil droplets will interact and sorb to suspended sediments.  Figure 41 
depicts DB (left) and CC (right) dispersion throughout the water column after 24 hours of wave 
action during NRCan’s recent spill tests.  Figure 42 depicts DB (left) and CC (right) emulsion 
after 24 hours of wave action.  As shown in Figures 41 and 42, more CC oil is dispersed 
throughout the water column after 24 hours of standardized wave action.  As shown in Figure 42, 
DB coalesces into a distinct mat on the tank shoreline while CC remains dispersed throughout 
the entire tank.  At the end of the 28-day weathering test, the CC emulsion is best described as a 
chocolate brown mouse (Figure 43), while DB remains as a distinct oil mat. 
 
 
Figure 41: Dispersion of DB (Left) and CC (Right) at T-24 through NRCan Spill Tank 
Viewport. Source: NRCan, 2018.  
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Figure 42: Dispersion of DB (Left) and CC (Right) at T-24 through NRCan Spill Tank 
Viewport. Source: NRCan, 2018.  
 
 
 
Figure 43: CC Emulsion After 28-day Spill Test. Source: NRCan, 2018.  
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In summary, these processes not only affect spill response considerations, but also the 
potential ecological receptors, bioavailability and toxicity of the oil.  Oil can sink when it is 
denser than water; this is usually correlated with high dissolved and suspended sediment 
concentrations and the presence of high mixing energy.  Under the conditions tested, of the 11 
weathering tests performed on 4 types of DB, the oil mat sank in only one test.  One DB 
submerged on the 21st day of the 34-day test, while two of four heavy conventional crude oils 
have sunk during NRCan tests (Dettman, 2017).  Given the data presented in this quantified 
ERA, the assumption that the DB in CERA scenarios 4 and 5 will sink is not valid.  Accordingly, 
the CERA risk calculations depicted in Figures 6 and 7 above should be re-evaluated.  
Specifically, the mid-water and benthic zone impacts should be minimal to moderate levels of 
concern. 
 
LOE  – Biological Assessment: 
 Determining the extent, significance and effects of marine oil spills on organisms is 
difficult to measure in both acute and chronic terms (Transportation Research Board, 2003).  
This is due, in part, because of the many factors that affect the impact of oil spills on wildlife.  
Some of these factors include: oil type, oil concentration in the environment, duration and route 
of exposure, species sensitivity (age, health, reproductive state), the extent of habitat oiling, a 
habitat’s exposure to waves and currents (enabling weathering processes), climate and 
seasonality (NOAA, 1995; NOAA, 2014).  Further, assessing the ecological risks of an oil spill 
is difficult because crude oils are complex mixtures.  Each COC has individual toxicity and 
physiochemical properties; in mixture, their toxic effects can be additive, synergistic and even 
antagonistic (Casarett & Doulls, 2008).  As described above, the properties of crude oils vary 
based on the oil source, mining and refining processes, and weathering once spilled.   
To address these complexities, impacts are assessed at four levels of biological 
organization: the biochemical and cellular level; organism level (examining the integration of 
physiological, biochemical and behavioral responses); population level (studying alterations in 
population dynamics); and community level (examining alterations in community structure and 
dynamics; NRC, 2003).  The stressor response profile examined both organism and sub-
population level impacts based on INRS toxicity results.  Future iterations of this ERA can 
examine the other biochemical, cellular and organism level impacts that will be documented by 
INRS including hatch time, weight, heart rate, malformation, and CYP1A1 gene expression 
through EROD activity.   
Biological systems are inherently complex.  While this assessment does not consider the 
full structure and complexity of aquatic ecosystems, the Fathead Minnow risk characterization is 
presented as an indicator of mid-water zone ecosystem health.  Like all oils, given that diluted 
bitumen can potentially sink and be sorbed by sediments, the fate and effects within aquatic 
sediments and on benthic organisms is an additional area of concern.  The benthic community 
serves as the food web base and is a vital component of the larger aquatic ecosystem because of 
nutrient cycling.  This risk assessment only addresses direct ingestion and passive partitioning 
(adsorption) of DB to mid-water zone fish.  The potential for toxicity in Fathead Minnows 
through ingestion of primary producers and consumers, and the bioaccumulation of toxicants 
within the benthic community are areas of concern that should be studied further.  Additionally, 
the COC levels can be compared to EPA’s total petroleum hydrocarbon regional screening level 
matrices.  Future DB toxicity tests should include chronic toxicity tests, which study all or most 
of the lifecycle of the test organism – observing growth, deformities, reproductive success and 
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lethality (Suter and Tsao, 1996; US EPA, 2002b; US EPA, 1994).  Further, impacts to breeding, 
seasonality, food availability, and benthic community impacts can be addressed in order to 
increase the accuracy of the ERA results.  
Given the risk characterization, it is worth considering the larger picture when assessing 
the true risks of diluted bitumen and all oil spills in general.  Within the United States, refineries 
process 7.2 billion barrels of oil and petroleum products annually (EIA, 2019).  On average, 
30,952 barrels (1.3 million gallons) are spilled into our nation’s waterways each year (CRS, 
2017; Thompson, 2010).  While the ultimate goal is zero oil spills, this amount represents 
.00043% of total transported oil.  This also does not account for oil discharged into waterways as 
a result of natural seeps.  Regionally, roughly 10% (37.6 million barrels) of the 365 million 
barrels of crude oil transported in the Delaware Bay annually is DB.  Applying the spill rate 
statistic to regional volumes would dictate that 162 barrels (6,800 gallons) of DB are spilled 
annually in the Delaware Bay.  While the actual spilled volumes are undoubtedly lower, this 
volume represents a sliver of the River’s 2.36 trillion-gallon annual flow rate (DRBC, 2019).   
Comparing the effective concentrations of DB in the spill tank (10 L oil / 1,200 L water = .83%) 
to a theoretical population-wide concentration for mid-water zone fish given the spill statistics 
(6,800 gallons oil / 2.36e+12 gallons water = 2.88e-11%) is a staggering difference.  2.88e-11% 
is well below the effective concentration for both the LC50 and LOAEL – indicating that an 
average actual spill in the Delaware River would result in no to minimal ecological impacts and 
risk as a result of dilution. 
 
Discussion: 
 This section discusses the major findings of the 2016 CERA and this ERA.  Additionally, 
given that energy markets are always being optimized, it examines one projected change in the 
market and its impact on the risk assessment.  Finally, given the ERA findings, spill response 
considerations are discussed. 
The CERA was designed to enhance preparedness and understanding of the oil properties 
and behaviors and mitigate potential risks by planning for the best way to respond to DB spills.  
This was achieved by bringing 90+ oil spill responders, researchers and policy personnel 
together in both plenary and scenario-based break-out sessions.  Participants were provided with 
a plethora of both scientific and real-world spill response documents to inform their discussions 
and findings.  The major findings of the 2016 CERA were: participants expected DB to sink after 
4-7 days of weathering in presence of suspended sediments, and participants expected the DB to 
be extremely tacky and highly adhesive.  Like any other oil spill, the participants concluded that 
the primary initial response strategy for DB is to contain and recover the oil.  Lastly, participants 
concluded that compared to CC, there are greater long-term ecological risks associated with DB 
spills. 
Unfortunately, the qualitative nature of the CERA enabled some mis-informed beliefs to 
become report findings.  In both scenario 4 and 5, the participants found that there was “very 
little change in concern levels when considering the various response actions versus no response 
action” (Walker, et. al., 2016a).  Additionally, participants believed that most ecological impacts 
would increase over time regardless of response action (Walker, et. al., 2016a).  These findings 
were most likely theorized based on the preconceived notion that DB would sink after 4-7 days 
and remain on the river bottom.  Given the data in this ERA, these CERA findings are not 
supported.  Most response actions taken during a spill (particularly source containment and on-
water recovery) routinely improve the situation.  Additionally, throughout 15 weathering tests 
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conducted by NRCan, only one DB sample has sunk during weathering tests, while two heavy 
conventional crude oils have sunk (Dettman, 2017).  As discussed throughout this report, this 
experimental data and real-world spills show that there are numerous oil and environmental 
factors that can cause oil to sink.  It cannot be assumed that DB will always sink. 
The following section is a discussion of the major findings of the quantified ERA.  Recall 
the ultimate question that this ERA sought to answer: For a given DB spill, what concentrations 
of COCs cause adverse effects to the viability and function of the mid-water zone fish 
community?  Based on experimental dilutions (0%, 12.5%, 25%, 50% and 100%), the lowest-
observed-adverse-effect level (LOAEL) was 137 μg/L TPAH, which occurred at the 25% 
dilution.  To put this in perspective, if Fathead Minnows occupied the same 1,200 L test tank, 
adverse effects would occur if 2.5 L of oil was spilled into the tank.  Extrapolating this to a 
visual equivalent, adverse effects would occur if .27 ounces was spilled into a 1-gallon bucket 
with Fathead Minnows.  Conversely, it is expected that if .13 ounces was spilled into the same 1-
gallon bucket, there would be no adverse effects.  Note: additional testing/dilutions are needed to 
find the actual LOAEL and LC50, as there could be statistically relevant TPAH concentrations 
below the chosen dilutions that cause adverse effects. 
The observed lethal concentration – 50% (LC50) was 548 μg/L TPAH, which occurred at 
the 100% concentration.  This means that if a population of Fathead Minnows occupied the same 
1,200 L test tank, 50% of the Minnows are expected to die if 10 L of oil was spilled into the tank.  
Fortunately, if a similar population was exposed to the same amount of weathered DB (35+ 
days), a statistically relevant (>20%) decrease in mortality rate is expected.  Given the 
experimental results, DB exhibits an overall decreased toxicity potential to mid-water zone fish 
as it weathers to 35 days. 
As it relates to fate and transport of DB, it was noted that the CLB DB sample (the 
densest and most viscous DB type) did not sink after 35 days of weathering in the presence of 
significant sediment load.  This experiment added sediment consisting of  21% clay, 78% silt and 
1% sand until an initial TSS of 2,000 ppm was reached.  Throughout 15 NRCan spill tank tests, 
suspended sediments have measured an average 100 ppm (Dettman, 2018).  Recall that 
suspended sediment concentrations in the Delaware River in the vicinity of scenario 5 are on the 
order of 16-46 ppm (Sharp et. al., 2009), and that the ADIOS 2 program assumed 50 ppm.  The 
sustained sediment load in the experiment is at least double the expected load in the Delaware 
River, therefore any spilled DB should not be expected to sink just because of mixing and 
sediment load alone.  Further, the experiment noted that the DB sample formed a stable emulsion 
at the surface of the water – particularly with wave action.  This correlates to what is expected 
based on the oil’s chemical makeup (Gray, 2015).  In some respects, this eases spill response 
concerns because the oil is expected to remain afloat and the oil will not disperse throughout the 
water column as much or spread as far or as fast as conventional crude oils.   
 
Changes in DB fate, transport and toxicity as a result of upgrading 
 As industry, academia and government continuously strive to optimize refining and 
shipping processes, the chemical composition and fate, transport and toxicity of DB change.  
Given that Bitumen contains high proportions of Sulfur and Nitrogen, and the diluents contain a 
high proportion of aromatics, significant research is underway to increase DB’s quality, 
usability, and efficiency of transportation.  As part of the Alberta Research and Innovation Act, 
the Province of Alberta Canada has set several Clean Energy 2030 targets.  One target is to 
partially upgrade 20% of Alberta’s DB exports in situ (Alberta Innovates, 2018).  Given 
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Canada’s National Energy Board projected production rate of 4.5 million barrels per day in 2030, 
this would equate to 900,000 barrels of upgraded DB being transported each day.  Currently, 
there is only one type of partially upgraded bitumen – Albian Heavy Synthetic crude oil, which 
is one of three products produced at the 250,000 barrel per day Scotford Upgrader 
(Crudemonitor.ca, 2018). 
Upgrading processes increase the quality and usability of crude oil by removing 
heteroatoms and reforming aromatics to cycloalkanes through several processes including feed 
separation, thermal cracking, coking, hydrotreating, hydrocracking and deasphalting. (Gray, 
2015; Xin et. al., 2018).  These technologies change the composition of the oil, and change the 
fate, transport and toxicity potential.  One of the most effective but costly upgrading processes is 
hydrotreating.  This process lowers the oil density and heteroatom content and increases the 
fraction of smaller MW components.  This is important because decreasing heteroatom content 
decreases the compound’s polarity and water solubility.  In-turn, it potentially decreases chronic 
toxicity, but increases acute toxicity to freshwater aquatic organisms.  Separately, Yang et. al., 
2011 found that upgraded DB had six times the amount of 2-3 ringed PAHs, as compared to DB, 
and 12 times the amount of 2-3 ringed PAHs, as compared to CC.  These findings are staggering 
as upgraded DB potentially poses significantly greater acute toxicity when compared to DB and 
CC.  As more and more upgraded DB is transported, this ERA and the risks associated with DB 
will need to be re-evaluated. 
 
Spill Response Considerations 
As previously discussed, oil density and viscosity are the two primary properties that 
affect spill response.  Density determines oil buoyancy in water and viscosity is a measure of the 
resistance of oil to flow.  Oil density increases with weathering (as the lighter volatile 
hydrocarbons evaporate) and decreasing temperature.  Oil density also affects the rate of natural 
dispersion; denser oils initially spread faster on the water surface when spilled, but form more 
stable emulsions (Fingas, 2014).  Viscosity increases with weathering and with decreasing 
temperature.  High viscosity results in slower spreading and more stable emulsions (Fingas, 
2014).  Given that DB is a dense and viscous oil with a larger content of higher MW content, it is 
expected to spread relatively quickly (like other heavy CC) but form more stable emulsions.  As 
discussed above and as depicted in Figure 43, all oils, including light crude oils will emulsify 
with weathering.  However, most CCs do not form stable emulsions – complicating spill 
response operations.  
Emulsions present challenges and advantages for spill response.  An advantage to 
removing oil that has a propensity to emulsify in a mixing environment is that most of the oil 
will be emulsified at the surface in large clumps versus dispersed throughout the water column.  
A disadvantage is that emulsified oil becomes more viscous – making it harder to skim and 
pump.  Another disadvantage is that the original volume of spilled oil occupies a greater volume 
because of the entrapped water and air – increasing response costs and logistics as additional 
temporary storage devices (TSDs) are needed.  A disadvantage of stable emulsions is that once 
the oil, water and air are mixed, they won’t necessarily separate or settle out – also increasing 
response costs and logistics because decanting will not decrease recovered volumes. 
The CERA correctly noted that during the initial 4-6 hours after a DB spill, oil spread 
control, on-water recovery and resource protection would decrease the ecological risks of the 
spill.  Additionally, the CERA correctly noted that after the oil has weathered for four to seven 
days, the following response actions would decrease the ecological risks of the spill: 
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controlled in-situ burning, oil spread control, on-water recovery, and resource protection.  
Questionably, the CERA noted that shoreline cleanup in natural terrestrial shorelines would 
decrease ecological risks, while shoreline cleanup in artificial shorelines would increase the risks 
to reptiles, amphibians, and macro-invertebrates (Walker et. al., 2016a).  Again, there are 
advantages and disadvantages to every response action.  Natural terrestrial shorelines include 
vegetated, grass, sand and gravel shorelines.  As it relates to vegetated and grass shorelines, it 
can be beneficial to cut back or let the area naturally attenuate depending on the season, 
vegetation type, oil type, extent of oiling and expected public use.  Similar arguments can be 
made for artificial shorelines, which include bulkheads, riprap, manmade structures and 
pavement.  Depending on the season, oil type, extent of oiling and expected public use, it can be 
beneficial to pressure wash, hot-water pressure wash or let the area naturally attenuate.  
Depending on temperature and pressure, pressure washing can cause significant adverse effects 
to the resident invertebrates (macro and micro) and flora that inhabit the artificial shoreline. 
Based upon the experimental data, risk characterization and discussion above, DB spills 
should be treated like any other oil spill - the primary initial response priority is to contain and 
recover the oil.  The secondary priority is resource protection and to enact protective booming 
strategies. 
 
Conclusions: 
Molecular composition and weathering data from Natural Resources Canada and Fathead 
Minnow toxicity data from University of Quebec was used to refine the U.S. Coast Guard Sector 
Delaware Bay CERA, producing a clearer risk assessment of the potential effects of DB spills.  
While DB has different chemical and physical characteristics that create a distinct fate and 
transport profile when compared to CC, it must not be presumed that DB will sink when spilled.  
Similarly, these properties create a distinct DB toxicity profile in mid-water zone fish.  Given the 
BTEX and TPAH concentrations, DB is acutely less toxic than CC.  The chronic toxicity 
associated with DB exposure needs additional study, however, current research indicates that DB 
becomes less toxic with weathering.  Additional study of the toxicity of oxidized PAHs in CC 
and DB spill impacts to benthic organisms is also recommended.  Most importantly, this risk 
assessment found that DB spills should be treated like any other oil spill – employing 
conventional spill response strategies is the most effective way to respond to diluted bitumen 
spills. 
 
Acknowledgments: 
The author would like to thank NRCan CanmetENERGY Devon Research Center and 
INRS for sharing their research data.  A special thank you to Dr. Heather Dettman and Dr. Qin 
Xin of NRCan for their guidance, expertise and direction throughout the project.  Reviewers are 
gratefully acknowledged for their helpful feedback and comments. 
 
 
58 
 
References: 
Alberta Energy Regulator. (2017). ST98-2017: Alberta’s Energy Reserves 2016 and 
Supply/Demand Outlook. https://www.aer.ca/data-and-publications/statistical-reports/st98. 
 
Alberta Innovates. (2018). 2030 Targets. http://www.ai-ees.ca/ai-ees-2030-targets/.  
 
Alderman, Sarah L, Lin, Feng, Farrell, Anthony P, Kennedy, Christopher J., Alderman, S. L., 
Lin, F., Farrell, A. P., Kennedy, C. J. and Gillis, T. E. (2017). Effects of Diluted Bitumen 
Exposure on Juvenile Sockeye Salmon: From Cells to Performance. Hoboken, NJ: John 
Wiley & Sons. doi:10.1002/etc.3533. 
 
Andersson, J. and Achten, C. (2015). Time to Say Goodbye to the 16 EPA PAHs? Toward an 
Up-to-Date Use of PACs for Environmental Purposes. Polycyclic Aromatic Compounds, 
35(2-4), 330–354. https://doi.org/10.1080/10406638.2014.991042 
 
Ankley, Gerald T. and Villeneuve, Daniel L. (2006). “The fathead minnow in aquatic toxicology: 
Past, present and future.” U.S. Environmental Protection Agency Papers, 94. 
http://digitalcommons.unl.edu/usepapapers/94 
 
Alsaadi, F., Hodson, P. V. and Langlois, V. S. (2017). An Embryonic Field of Study: The 
Aquatic Fate and Toxicity of Diluted Bitumen. Bulletin of Environmental Contamination 
and Toxicology, 100(1), 8-13. doi:10.1007/s00128-017-2239-7 [doi]. 
 
Aurand, D., Walko, L. and Pond, R. (2000). Developing Consensus Ecological Risk 
Assessments:  Environmental Protection In Oil Spill Response Planning A Guidebook. 
United States Coast Guard. Washington, D.C. Retrieved from 
http://webapp1.dlib.indiana.edu/virtual_disk_library/index.cgi/5315323/FID2310/Other%20
Useful%20Documents/CG%20ERA%20Guidance%20Manual%20Final%20May2001.pdf. 
 
Barron, M. G. (2017). Photo-enhanced Toxicity of Petroleum to Aquatic Invertebrates and Fish. 
Archives of Environmental Contamination and Toxicology 73:40–46. DOI 10.1007/s00244-
016-0360-y. 
 
Barron, M. G., Conmy, R. N., Holder, E. L., Meyer, P., Wilson, G. J., Principe, V. E., and  
Willming, M. M. (2018). Toxicity of Cold Lake Blend and Western Canadian Select Dilbits 
to Standard Aquatic Test Species. Chemosphere, 191, 1-6. doi: S0045-6535(17)31586-2. 
 
Baussant, T., Sanni, S., Jonsson, G., Skadsheim, A., and Børseth, J. F. (2001). Bioaccumulation 
of polycyclic aromatic compounds: Bioconcentration in two marine species and in 
semipermeable membrane devices during chronic exposure to dispersed crude oil. Environ. 
Toxicol. Chem. 2061175–1184. 
 
Besser, J. M., Wang, N., Dwyer, F. J., Mayer Jr., F. L. and Ingersoll, C. G. (2005). Assessing 
contaminant sensitivity of endangered and threatened aquatic species. Part II. Chronic 
toxicity of copper and pentachlorophenol to two endangered species and two surrogate 
species. Arch. Environ. Contam. Toxicol. 48, 155–165. 
59 
 
 
Biryukova, O. V., Fedorak, P. M. and Quideau, S. A. (2007). Biodegradation of naphthenic acids 
by rhizosphere microorganisms. Oxford: Elsevier Science. 
doi:10.1016/j.chemsophere.2006.11.063. 
 
Canadian Association of Petroleum Producers (CAPP). (2018). The Facts on Oil Sands. 
http://appstore.capp.ca/oilsands/page/oil-sands-2012-01-23-03-01-45. Retrieved 6/22/2018.  
 
Canada National Energy Board (NEB). (2017). Fact Sheet - Canada’s Energy Future 2016: 
Energy Supply and Demand Projections to 2040 - Crude Oil and Bitumen Production 
Highlights. https://www.neb-one.gc.ca/nrg/ntgrtd/ftr/2016/fscrdl-eng.html. Retrieved 
6/22/2018.  
 
Canada National Energy Board (NEB). (2016). Canada’s Energy Future 2016: Energy Supply 
and Demand Projections to 2040.  https://www.neb-one.gc.ca/nrg/ntgrtd/ftr/2016/index-
eng.html#s5. 
 
Casarett, L. J., Doull, J., Klaassen, C. D. and Class of 1924 Book Fund. (2008). Casarett and 
Doull's Toxicol,ogy: The Basic Science of Poisons (7th ed.). New York: McGraw-Hill. 
 
Clemente, J. S., MacKinnon, M. D., and Fedorak, P. M. (2004). Aerobic Biodegradation of Two 
Commercial Naphthenic Acids Preparations. Environmental Science & Technology 38 (4), 
1009-1016. DOI: 10.1021/es030543j. 
 
Connell, D. W. (1990). Bioaccumulation of Xenobiotic Compounds. CRC Press Inc; Boca 
Raton, FL. 
 
Crosby, S., Fay, R., Groark, C., Kani, A., Smith, J. and Sullivan, T. (2013). Transporting 
Alberta’s Oil Sands Products: Defining the Issues and Assessing the Risks; University of 
Washington, Washington, Seattle. 
 
Crudemonitor.ca. Crude Quality Inc. (2018). Monthly Reports. Retrieved from 
http://www.crudemonitor.ca/home.php.  
 
Delaware Estuary. (2012). Regional Sediment Management Plan White Paper.  Retrieved from 
https://www.nj.gov/drbc/library/documents/RSMPaug2013appendices.pdf.  
 
Delaware River Basin Commission (DRBC). (2018). Salt Line. Retrieved from 
https://www.state.nj.us/drbc/hydrological/river/salt-line.html.  
 
Delaware River Basin Commission (DRBC). (2019). Flows. Retrieved from 
https://drbc.net/Sky/flows.htm.  
 
Department of Fisheries and Oceans Canada (DFO). (2018). Status Report on the Knowledge of 
the Fate and Behaviour of Diluted Bitumen in the Aquatic Ecosystems. Center for Science 
Advice, National Capital Region. Ottawa, ON, Canada. ISSN:1919-3769. 
60 
 
 
Dettman, H. D. (2018). Hydrocarbon Analysis Flowchart. Natural Resources Canada, Devon 
Research Center, Environmental Impacts Group. Devon, Alberta, Canada. 
 
Dettman, H. D., Farooqi, H. and Namsechi, B. (4 October 2017). Test Tank Study of Diluted 
Bitumen and Conventional Crude Weathering in Fresh Water.  40th AMOP Technical 
Seminar on Environmental Contamination & Response. Calgary, Alberta, Canada. 
 
Duran, R. and Cravo-laureau, C. (2016). Role of environmental factors and microorganisms in 
determining the fate of polycyclic aromatic hydrocarbons in the marine environment. FEMS 
Microbiol. Rev. 2016; 40:814–830. doi: 10.1093/femsre/fuw031. 
 
Dwyer, F. J., Mayer, F. L., Sappington, L. C., Buckler, D. R., Bridges, C. M., Greer, I. E., 
Hardesty, D. K., Henke, C. E., Ingersoll, C. G., Kunz, J. L., Whites, D. W., Augspurger, T., 
Mount, D. R., Hattala, K. and Neuderfer, G. N. (2005a). Assessing contaminant sensitivity 
of endangered and threatened aquatic species. Part 1. Acute toxicity of five chemicals. Arch. 
Environ. Contam. Toxicol. 48, 143–154. 
 
Dwyer, F.J., Haresty, D.K., Henke, C.E., Ingersoll, C.G., Whites, D.W., Augspurer, T., Canfield, 
T.J., Mount, D.R. and Mayer, F.L. (2005b). Assessing contaminant sensitivity of 
endangered and threatened aquatic species. Part III. Effluent toxicity tests. Arch. Environ. 
Contam. Toxicol. 48, 174– 183. 
 
Energy Information Administration (EIA), U.S. Department of Energy. (2016). Canada Analysis. 
https://www.eia.gov/beta/international/analysis.cfm?iso=CAN. 
 
Energy Information Administration (EIA), U.S. Department of Energy. (2019). Petroleum and 
Other Liquids: Product Supplied. 
https://www.eia.gov/dnav/pet/pet_cons_psup_dc_nus_mbbl_a.htm.  
 
Fingas, M. (2014). Handbook of oil spill science and technology. Hoboken, New Jersey: John 
Wiley and Sons, Inc. 
 
GeneCards, Human Gene Database. (2018). Aryl Hydrocarbon Receptor (AHR) Gene. 
Weizmann Institute of Science. Rehovot, Israel. https://www.genecards.org/cgi-
bin/carddisp.pl?gene=AHR    
 
Gray, M. R. (2015). Upgrading Oilsands Bitumen and Heavy Oil (First ed.). Edmonton, Alberta: 
Pica Pica Press, an imprint of the University of Alberta Press. 
 
Hawthorne, S. B., Miller, D. J. and Kreitinger, J. P. (2006). “Measurement of Total Polycyclic 
Aromatic Hydrocarbon Concentrations in Sediments and Toxic Units Used for Estimating 
Risk to Benthic Invertebrates at Manufactured Gas Plant Sites.” Environmental Toxicology 
and Chemistry 25: 287–96. 
 
61 
 
Hodson, P, V. (2017). The Toxicity to Fish Embryos of PAH in Crude and Refined Oils. Arch 
Environ Contam Toxicol 73:12–18. DOI 10.1007/s00244-016-0357-6.  
 
Holowenko, F. M., MacKinnon, M. D. and Fedorak, P. M. (2002). Characterization of 
naphthenic acids in oil sands wastewaters by gas chromatography-mass 
spectrometry doi:2101/10.1016/S0043-1354(01)00492-4. 
 
Hounjet, L., Gieleciak, R., and Dettman, H. (2017). Photooxidation Susceptibility of Diluted 
Bitumen on Water. Proceedings of the 40th AMOP Technical Seminar, Environment and 
Climate Change Canada: Ottawa, ON, Canada; pp 860-884. 
 
International Energy Agency (IEA). (2011). World Energy Outlook. Paris, France. Retrieved 
from https://www.iea.org/publications/freepublications/publication/WEO2011_WEB.pdf. 
 
University of Quebec National Institute of Scientific Research (INRS).  (October 2-4, 2018). 
Fish Toxicity Associated with Weathering of a Conventional Medium Crude Oil Using a 
Wave Tank.  Presented at 41st AMOP, Vancouver, CA. 
 
Jokuty, P., Whiticar, S., Fingas, M., Meyer, E. and Knobel, C. (1995). Hydrocarbon Groups and 
Their Relationship to Oil Properties and Behavior. Proceedings of the 18th Arctic 
and Marine Oilspill Program (AMOP) Technical Seminar, Environment Canada: Ottawa, 
Canada; pp 1-19. 
 
Kumar, K., Nikolov, A. D. and Wasan, D. T. (2001). Mechanisms of stabilization of water-in-
crude oil emulsions. Washington, D.C.: American Chemical Society.10.1021/ie000663p 
 
Keith, L. (2015). The Source of U.S. EPA’s Sixteen PAH Priority Pollutants. Polycyclic 
Aromatic Compounds, 35(2-4).  Taylor and Francis Group, LLC.  DOI: 
10.1080/10406638.2014.892886 
 
Langlois, V. S., Lara-Jacobo, L., Gauthier, C., Xin, Q., Dettman, H., Dupont, F., Couture, P., and 
Triffault-Bouchet, G. (2018). Fish toxicity associated with weathering of a conventional 
medium crude oil using a wave tank. Proceedings of the Forty-First AMOP Technical 
Seminar, Environment Canada, Ottawa, ON. 
 
Lara-Jacobo, L., Langlois, V. S., Gauthier, C., Dupont, F., Couture, P., and Triffault-Bouchet, G. 
(2018). NRCan Trial IIA: Biological Effects. Interim Progress Presentation, December 13, 
2018. University of Quebec National Institute of Scientific Research (INRS), Quebec City, 
Quebec, Canada. 
 
Lee, K., Michel Boufadel, Bing Chen, Julia Foght, Peter Hodson, Stella Swanson, Albert 
Venosa. (2015). Expert Panel Report on the Behaviour and Environmental Impacts of Crude 
Oil Released into Aqueous Environments. Royal Society of Canada, Ottawa, ON. ISBN: 
978-1-928140-02-3. 
 
62 
 
Library of Congress. Congressional Research Service (CRS). Resources, Science, and Industry 
Division. (2017). Oil Sands and the Oil Spill Liability Trust Fund: The Definition of "Oil" 
and Related Issues for Congress. Retrieved 
from https://proxy.library.upenn.edu:3779/congressional/docview/t21.d22.crs-2017-rsi-
0072?accountid=14707. 
 
Library of Congress. Congressional Research Service (CRS). (2014). U.S. Rail Transportation of 
Crude Oil: Background and Issues for Congress. Retrieved 
from https://fas.org/sgp/crs/misc/R43390.pdf. 
 
Library of Congress. Congressional Research Service (CRS). (2017). Oil Spills: Background and 
Governance. Retrieved from https://fas.org/sgp/crs/misc/RL33705.pdf.  
 
Lundstedt, S., White, P. A., Lemieux, C. L., Lynes, K. D., Lambert, I. B., Öberg, L., … 
Tysklind, M. (2007). Sources, fate, and toxic hazards of oxygenated polycyclic aromatic 
hydrocarbons (PAHs) at PAH-contaminated sites. Ambio, 36(6), 475-85. Retrieved from 
https://proxy.library.upenn.edu/login?url=https://proxy.library.upenn.edu:2072/docview/207
668849?accountid=14707. 
 
Madison, B. N., Hodson, P. V. and Langlois, V. S. (2015). Diluted Bitumen Causes Deformities 
and Molecular Responses Indicative of Oxidative Stress in Japanese Medaka 
Embryos. Aquatic Toxicology (Amsterdam, Netherlands), 165, 222-230. 
doi:10.1016/j.aquatox.2015.06.006. 
 
National Academies of Sciences (NAS), Engineering and Medicine Board on Chemical Sciences 
and Technology, Division on Earth and Life Studies. (2015). Spills of Diluted Bitumen from 
Pipelines: A Comparative Study of Environmental Fate, Effects, and Response. Washington, 
District of Columbia: The National Academies Press. 
 
NOAA. 1995. Responding to Oil Spills in Coastal Marshes. HAZMAT Report 96-2. 
http://www.glo.texas.gov/ost/spill-response-
resources/additionaldocs/noaa/reports/helphind.pdf  
 
NOAA and Research Planning Inc. (RPI). 2014. Shoreline Cleanup Assessment Team Training 
Handbook.  
 
National Research Council (NRC) of the National Academies. (2013). Effects of Diluted Bitumen 
on Crude Oil Transmission Pipelines. Washington, D.C.: Transportation Research Board. 
Retrieved from http://onlinepubs.trb.org/onlinepubs/sr/sr311.pdf. 
 
National Research Council. (2003). Oil in the Sea III: Inputs, Fates, and Effects. The National 
Academies Press: Washington, DC. 
 
Natural Resources Canada (NRCan). (2017). Oil Sands, Economic Contributions. 
http://www.nrcan.gc.ca/energy/publications/18756. 
 
63 
 
Natural Resources Canada (NRCan). (2016). Energy Fact Book 2016-2017. 
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/EnergyFactBook_2016_17
_En.pdf. 
 
Oil Sands Magazine. (2018a). Canada Energy Statistics.  
http://www.oilsandsmagazine.com/energy-statistics/canada#Production. 
 
Oil Sands Magazine. (2018b). Products from the Oil Sands: Dilbit, Synbit and Synthetic Crude 
Explained.  http://www.oilsandsmagazine.com/technical/product-streams. 
 
Oil Sands Magazine. (2018c). Oil Sands Geology and the Properties of Bitumen.  
http://www.oilsandsmagazine.com/technical/properties.  
 
Page, L. M. and Burr, B. M. (2011). Peterson field guide to freshwater fishes of North America 
north of Mexico. 2nd ed. Boston: Houghton Mifflin Harcourt. 
 
Parrott, Joanne. (2005). Overview of Methodology and Endpoints in Fathead Minnow Lifecycle 
Tests Assessing Pulp and Paper Mill Effluents. Water Qual. Res. J. Canada BULLET. 40. 
334-346. 10.2166/wqrj.2005.038. 
 
Philibert, D. P., Philibert, D. A., Philibert, C. P., Lewis, C. and Tierney, K. B. 
(2016). Comparison of Diluted Bitumen (Dilbit) and Conventional Crude Oil Toxicity to 
Developing Zebrafish. Washington, DC: American Chemical Society. 
doi:10.1021/acs.est.6b00949. 
 
Pohjanvirta, R. (2012). The AH receptor in biology and toxicology. Hoboken, N.J.: Wiley. 
 
Quagraine, E. K., Peterson, H. G. and Headley, J. V. (2005). In situ bioremediation of naphthenic 
acids contaminated tailing pond waters in the athabasca oil sands Region—Demonstrated 
field studies and plausible options: A review. Journal of Environmental Science and Health, 
Part A, 40(3), 685-722. doi:10.1081/ESE-200046649 
 
Rogers, S., Ong, S., Kjartanson, B., Golchin, J. and Stenback, G. (2002). Natural Attenuation of 
Polycyclic Aromatic Hydrocarbon-Contaminated Sites: Review. Practice Periodical of 
Hazardous, Toxic, and Radioactive Waste Management. 6. 10.1061/(ASCE)1090-
025X(2002)6:3(141). 
 
Sappington, L.C., Mayer, F.L., Dwyer, F.J., Buckler, D.R., Jones, J.R., Ellersieck, M.R. (2001). 
Contaminant sensitivity of threatened and endangered fishes compared to standard surrogate 
species. Environ. Toxicol. Chem. 20, 2869–2876. 
 
Scarlett, A. G., West, C. E., Jones, D., Galloway, T. S., & Rowland, S. J. (2012). Predicted 
toxicity of naphthenic acids present in oil sands process-affected waters to a range of 
environmental and human endpoints. doi:2101/10.1016/j.scitotenv.2012.02.064. 
 
64 
 
Sharp, J., Yoshiyama, K., Parker, A., Schwartz, M., Curless, S., Beauregard, A., Ossolinski, J. 
and Davis, A. (2009). A Biogeochemical View of Estuarine Eutrophication: Seasonal and 
Spatial Trends and Correlations in the Delaware Estuary. Estuaries and Coasts, 32(6), 1023-
1043. Retrieved from http://www.jstor.org/stable/40663605. 
 
Sommerfield, C. K. and Madsen, J. A. (2003). Sedimentological and geophysical survey of the 
Upper Delaware Estuary. Delaware River Basin Commission. DEL-SG-04-04. College of 
Marine Studies. University of Delaware. Lewes, Delaware. 
 
Sotola, A. and Nielsen, J. (2012). Common Fish and Wildlife of Wetlands in New York State. 
SUNY Plattsburgh, NY. https://wetlandfaw.weebly.com/index.html.  
 
Stogiannidis, E., Laane, R. and Whitacre, D. M. (2015). Source characterization of polycyclic 
aromatic hydrocarbons by using their molecular indices: An overview of possibilities. 
CHAM: Springer International Publishing. doi:10.1007/978-3-319-10638-0_2. 
 
Stout, S.A., Magar V. X., Uhler, R. M., McCarthy, K .J. and Emsbo-Mattingly, S. (2002). 
Chemical fingerprinting of hydrocarbons. In: Murphy BL, Morrison RD (eds) Introduction 
to environmental forensics, 1st edn. Academic, New York, NY, pp 137–260. 
 
Strausz, O. P. and Lown, E. M. (2003). The Chemistry of Alberta Oil Sands Bitumens and 
Heavy Oils. Alberta Energy Research Institute, Calgary, Alberta, Canada. 695 pp. ISBN 
0778530965. 
 
Strausz, O. P., Lown, E. M., Morales-Izquierdo, A., Kazmi, N., Montgomery, D. S., Payzant, J. 
D., & Murgich. J. (2011). Chemical Composition of Athabasca Bitumen: The Distillable 
Aromatic Fraction. Energy and Fuels, Vol. 25, No. 10, pp. 4552–4579. 
 
Suter, G.W. II, and Tsao, C. L. (1996). Toxicological Benchmarks for Screening Potential 
Contaminants of Concern for Effects on Aquatic Biota: 1996 Revision. ES/ER/TM-96/R2. 
Retrieved from https://rais.ornl.gov/documents/tm96r2.pdf  
 
Suter, G. W, & Barnthouse, L. W. (1993). Ecological risk assessment. Boca Raton: Lewis 
Publishers. 
 
Thompson, A.  (2010).  FAQ: The Science and History of Oil Spills.  April 23, 2010.  Live 
Science.  https://www.livescience.com/9885-faq-science-history-oil-spills.html  
 
Toxipedia. 2011. Polycyclic Aromatic Hydrocarbons. 
http://www.toxipedia.org/display/toxipedia/Polycyclic+Aromatic+Hydrocarbons. 
 
U.S. Environmental Protection Agency (US EPA). (2018). Effluent Guidelines: Toxic and 
Priority Pollutants Under the Clean Water Act. Washington, DC. Retrieved from: 
https://www.epa.gov/eg/toxic-and-priority-pollutants-under-clean-water-act#toxic.  
 
65 
 
U.S. Environmental Protection Agency (US EPA). (2004). Generic Ecological Assessment 
Endpoints (GEAEs) for Ecological Risk Assessment. Washington, DC: Risk Assessment 
Forum. Retrieved from https://www.epa.gov/sites/production/files/2014-
11/documents/generic_endpoinsts_2004.pdf. 
 
U.S. Environmental Protection Agency (US EPA). (2003). Equilibrium Partitioning Sediment 
Guidelines (ESBs) for the Protection of Benthic Organisms: PAH Mixtures. Office of 
Science and Technology and Office of Research and Development, U.S. Environmental 
Protection Agency, Washington, DC. 
 
U.S. Environmental Protection Agency. (October 2002a). Methods for Measuring the Acute 
Toxicity of Effluents and Receiving Waters to Freshwater and Marine Organisms. Fifth 
edition. Washington, DC: EPA-821-R-02-012.  Retrieved from: 
https://www.epa.gov/sites/production/files/2015-08/documents/acute-freshwater-and-
marine-wet-manual_2002.pdf.  
 
U.S. Environmental Protection Agency. (2002b).  Method 1000.0: Fathead Minnow, Pimephales 
promelas, Larval Survival and Growth; Chronic Toxicity.  Excerpt from: Short-term 
Methods for Estimating the Chronic Toxicity of Effluents and Receiving Waters to 
Freshwater Organisms. Fourth edition. Washington, DC: EPA-821-R-02-013.  Retrieved 
from: https://www.epa.gov/sites/production/files/2015-
12/documents/method_1000_2002.pdf.  
 
U.S. Environmental Protection Agency. (1998). Guidelines for Ecological Risk Assessment. 
Washington, DC: Risk Assessment Forum. Retrieved from 
https://www.epa.gov/sites/production/files/2014-
11/documents/eco_risk_assessment1998.pdf.  
 
U.S. Environmental Protection Agency. (1994). Catalogue of Standard Toxicity Tests for 
Ecological Risk Assessment. Washington, DC: Eco Update Vol. 2, No. 2. Retrieved from 
https://www.epa.gov/sites/production/files/2015-09/documents/v2no2.pdf. 
 
U.S. Environmental Protection Agency. (1991). Technical Support Document for Water Quality-
Based Toxics Control. Washington, DC: EPA/505/2-90/001. Retrieved from: 
https://www3.epa.gov/npdes/pubs/owm0264.pdf.  
 
Walker, A. H., Scholz, D., McPeek, M. (2016a). Consensus Ecological Risk Assessment of 
Potential Transportation-related Bakken and Dilbit Crude Oil Spills in the Delaware Bay 
Area: Comparative Evaluation of Response Actions. A report to the U.S. Coast Guard, 
Sector Delaware Bay. Sea Consulting Group, Cape Charles, VA 23310.  
 
Walker, A.H., Stern, C., Scholz, D., Nielsen, E., Csulak, F., Gaudiosi, R. (2016b). Consensus 
Ecological Risk Assessment of Potential Transportation-related Bakken and Dilbit Crude 
Oil Spills in the Delaware Bay Watershed, USA. Journal of Marine Science and 
Engineering. 4(1):23. 
 
66 
 
Whyte, J. J., Jung, R. E., Schmitt, C. J., & Tillitt, D. E. (2000). Ethoxyresorufin-O-Deethylase 
(EROD) Activity in Fish as a Biomarker of Chemical Exposure. Boca Raton, FL: CRC 
Press. doi:10.1080/10408440091159239.  
 
Woods, J., J., Kung, J., Kingston, D., Kotlyar, L., Sparks, B., & McCracken, T. 
(2008). Canadian crudes: A comparative study of SARA fractions from a modified HPLC 
separation technique. Paris: Éditions technip.2007080. 
 
Yang, Z., Wang, Z., Hollebone, B., Brown, C. E., Yang, C., Brown, C. E., . . . Fieldhouse, B. 
(2011). Chemical Fingerprints of Alberta Oil Sands and Related Petroleum 
Products. doi:10.1080/15275922.2011.574312. 
 
Yang, X., Hamza, H., & Czarnecki, J. (2004). Investigation of subfractions of athabasca 
asphaltenes and their role in emulsion stability. Washington, D.C.: American Chemical 
Society. 10.1021/ef0301654.  
 
Yui, S. M. (1989). "Hydrotreating of Bitumen-Derived Coker Gas Oil: Kinetics of 
Hydrodesulfurization, Hydrodenitrogenation, and Mild Hydrocracking, and Correlations to 
Predict Product Yields and Properties," AOSTRA Journal of Research, Vol. 5, pp. 211-224.  
 
Zhang, X., Wiseman, S., Yu, H., Liu, H., Giesy, J. P., & Hecker, M. (2011). Assessing the 
toxicity of naphthenic acids using a microbial genome wide live cell reporter array 
system. Environmental Science & Technology, 45(5), 1984-1991. doi:10.1021/es1032579 
[doi]. 
 
Zhou, J., Dettman, H. and Bundred, M. (2015). A Comparative Analysis of Environmental 
Behaviour of Diluted Bitumen and Conventional Crudes. Proceedings of the Thirty-Eight 
AMOP Technical Seminar, Environment Canada, Ottawa, ON. pp.495-516. 
 
Xin, Q. and Dettman, H. (2018). Diluted Bitumen WAFs Preparation in Fresh Water Using a 
Spill Test Tank.  Interim Progress Presentation, December 13, 2018. Natural Resources 
Canada, Devon Research Center, Environmental Impacts Group. Devon, Alberta, Canada. 
 
Xin, Q., McDonald, H. and Dettman, H. (2018). Impacts of Partial Upgrading Processes on 
Diluted Bitumen Characteristics and Behaviour in Water. Proceedings of the 41st AMOP 
Technical Seminar, Environment and Climate Change Canada: Ottawa, ON, Canada; pp 
666-686. 
 
 
